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APPENDIX  1-1 


PACKED  BED  REACTOR  MODEL 

In  this  section,  a  detailed  description  of  the  packed  bed 
reactor  model  is  given.  The  method  of  numerical  solution  of  the 
ordinary  and  partial  differential  equations  is  also  treated. 

Model  Development 

The  model  for  the  packed  bed  reactor  is  based  upon  material 
and  energy  balances  for  the  system.  By  considering  an  annular  ring 
of  differential  size,  the  following  ordinary  and  partial  differential 
equations  for  the  concentrations  and  temperature  at  every  point  in  the 
reactor  may  be  written: 
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The  definition  of  the  variables  used  in  these  equations  can  be  found 
in  the  List  of  Symbols  included  at  the  end  of  this  section. 

Equations  (1),  (2),  and  (3)  are  the  material  balances  for 
guanidine  nitrate,  urea,  and  ammonium  nitrate  and  describe  the 
variation  in  mole  fraction  for  each  component  in  the  axicu  uuecuon. 
The  mole  fractions  have  been  assumed  uniform  in  the  radial  direction. 
This  is  a  reasonable  assumption  in  packed  bed  operations  since  the 
catalyst  particles  contribute  to  a  lateral  movement  of  fluid  leading  to 
mixing  in  the  radial  direction.  In  addition,  the  time  associated  with 
convective  transport  of  material  in  the  axial  direction  will  far  outweigh 
any  contribution  due  to  radial  c once ntrat ion  gradients.  The  first  cerm 
on  the  right-hand-side  of  Equations  (1),  (2),  and  (3)  accounts  for  the 
production  or  removal  of  material  by  chemical  reaction.  The  rate 
expressions  used  here  and  defined  by  Equations  (7),  (8),  and  (9)  are 
those  obtained  through  the  analysis  of  the  kinetic  experiments  of  this 
project  as  presented  in  last  month’s  report.  The  second  term  in  the 


material  balance  equations  accounts  for  the  effect  of  the  change  in  melt 
volume  due  to  chemical  reaction  on  the  variation  in  mole  fraction  with 
axial  position.  Equation  (4)  is  obtained  by  summing  Equations  (1),  (2), 
and  (3)  and  recalling  that  Equation  (12)  also  applies.  Equation  (5) 
describes  the  rate  of  production  of  gas  as  a  function  oi 
and  assumes  that  the  gas  is  generated  only  by  those  reactions  that 
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reactions  that 


produce  guanidine  nitrate,  and  that  an  insignificant  amount  of  gas  is 
generated  by  side  reactions.  This  is  in  keeping  with  the  experimental 
results  of  this  project  in  which  no  gas  other  than  that  going  to  ammonium 
carbamate  was  detected . 

Equation  (G)  is  the  energy  Mia  nr**  for  the  packed  bed  reactor  and 
describes  both  the  radial  and  axial  variation  in  temperature.  Axial  and 
radial  temperature  profiles  are  important,  since  the  reaction  rates  are  a 
strong  function  of  temperature.  The  yields,  conversions,  and  concentration 
profiles  will  be  directly  affected.  In  addition,  the  maximum  allowable 
radial  temperature  difference  will  determine  the  maximum  diameter  of  the 
packed  bed  reactor. 

The  first  term  in  Equation  (6)  accounts  for  che  energy  transfer  in 
the  radial  direction  by  conduction.  All  resistances  to  heat  transfer  in 
the  radial  direction  inside  the  bed  are  included  in  the  effective  thermal 
conductivity,  Kg.  These  resistances  include  thermal  resistance  at  the 
wall,  thermal  resistance  of  the  particles  and  of  the  contact  area  between 
the  particles,  thermal  resistance  of  the  liquid  and  gas  between  particles, 
the  thermal  resistance  from  the  particles  to  the  liquid,  thermal  resistance 
from  the  liquid  surrounding  the  particles  to  the  bulk  of  the  gas  ,  and  the 
thermal  resistance  of  both  liquid  and  gas  at  rest  and  in  motion.  In  a 
system  such  as  the  guanidine  nitrate  system,  in  which  gas  is  generated 
continuously  along  the  length  of  the  reactor,  the  effective  thermal 
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conductivity  will  vary  with  axial  position.  A  correlation  due  to  Weekman 


and  Myers  (Ref.  4)  is  used  to  predict  the  effective  thermal  conductivity 
at  each  axial  position  and  is  discussed  below. 

The  second  term  in  the  energy  balance,  :  ,, T/.JZ,  accounts  for 
the  thermal  energy  transported  by  flow  in  the  axial  direction.  An  exoression 
for  (fi>  is  given  in  Equation  (10)  as  a  function  of  the  specific  heats  of  the 
liquid  and  gas  and  the  molar  flov  races  per  unit  cross-section  tor  the 
liquid  and  gas.  The  third  term  of  Equation  (6)  describes  the  contribution 
to  the  temperature  change  due  to  the  change  in  volume  of  the  melt  and 
gas  because  of  chemical  reaction.  For  this  term,  the  datum  temperature 
was  selected  for  convenience  as  the  reed  temperature.  An  expression  for 
is  given  in  Equation  (11). 

The  final  term  of  the  energy  balance  is  the  heat  generated  by 


chemical  reaction.  The  heat  of  reaction  and  the  rate  .ire  assumed  to  be 
those  associated  with  the  guanidine  nitrate  reaction. 

To  evaluate  the  reaction  rate  expressions  for  use  in  the  material 
balance  equation,  tire  average  radial  temperature  at  each  axial  position 


was  calculated  by  Equation  (13). 


The  set  of  boundary  conditions  necessary  for  the  solution  of 


these  equations  is: 
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where  superscript  f  refers  to  feed  conditions. 
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The  presence  of  the  flowing  gas  phase  in  the  guanidine  nitrate 


system  greatly  increases  the  effective  thermal  conductivity  in  the  packed 
bed  reactor  when  compared  to  the  effective  thermal  conductivity  that 
would  be  expected  from  the  liquid  phase  alone.  The  primary  effect  of 
the  gas  is  to  increase  the  velocity  of  the  liquid  phase.  Weekrr.an  and 
Myers  (Ref.  4)  have  proposed  and  tested  the  following  correlation  for 
predicting  the  effective  thermal  conductivity  of  a  packed  bed  with 
concurrent  gas -liquid  flow: 


N£  =  7.03  +  0.000285  (N^  )  (NpR  ) 

k2  kl  ‘  1 
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where  (Nj^)  is  the  Reynolds  number  based  on  the  actual  cross-section 
area  available  for  flow: 
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Rr  is  the  fraction  of  the  void  volume  occupied  by  the  liquid.  This  definition 
of  Reynolds  number  follows  directly  from  the  liquid  mass  velocity  based 


on  the  actual  area  available  for  flow  of  the  liquid: 
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Weekman  and  Myers  have  tested  this  correlation  for  various  size  spherical 
packings  ranging  from  0.149"  to  0.255"  diameter  and  over  a  wide  range  of 
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gas  and  .liquid  flow  rates »  They  found  that  this  single  correlation  satis¬ 
factorily  predicted  the  thermal  behavior  of  the  packed  bed.  They  observed 
that  the  amount  of  heat  transferred  did  not  appear  to  be  a  function  of  the 
tubes  to  particle  diameter  ratio  when  this  ratio  was  varied  from  11.8  to 


20.0.  The  Reynolds  number  was  therefore  based  upon  the  tube  diameter. 
For  the  Houdry  silica  beads  used  in  this  project,  the  tubc-to-diameter 
ratio  for  a  4"  column  would  be  approximately  16,  which  is  within  the 
range  tested  in  Ref.  4. 

To  complete  the  model,  ,  the  fraction  of  void  volume  occupied 
by  the  liquid  must  be  predicted  at  all  axial  positions.  This  can  be  done 
by  utilizing  the  correlation  proposed  by  Larkins  e i  nl.  (Ref.  3).  In  this 
work,  they  were  able  to  relate  the  two-phase  friction  loss  for  flow  of  a 
liquid  ana  gas  through  a  packed  bed  to  the  single  phase  losses  and  the 
fraction  of  the  crocs -section  occupied  by  the  liquid.  For  a  variety  of 
packings  and  with  gas -liquid  systems  having  a  wide  range  of  fluid 
properties,  the  following  equation  was  found  to  apply: 

2 

iog.Q  Rl  -0./74  +  0.325  (log)0  X  )  ~  0.100(100^/) 
where 


x  -  v&r 


The  trims  ^  j  and  are  the  friction  losses  foi  the  single  phase  Hows 
of  the  liquid  and  aas .  These  cun  be  predicted  by  the  Lrgun  equation 
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(Ref.  i>  for  pressure  drops  in  packed  beds: 
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The  ratio  of  the  liquid  to  gas  phase  losses  will  then  equal: 
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Numerical  Solution 

ihe  mathematical  model  equations  w err?  solved  on  an  T MR  €130 
digital  computer.  The  ordinary  differential  equations..  Equations  (.1) 
through  (5).  were  integrated  by  utilising  a  fourth-order  Runge-Kutta 
routine  (Ref.  2).  The  energy  equation  however  is  a  partial  differential 
equation  and  a  finite  difference  method  must  be  used.  A  Crank-Nicholson 
6-point  implicit  form  (Ref.  2)  was  utilized  in  gene  raring  the  solution 
to  the  distributed  parameter  system.  This  technique  was  selected  over 
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the  singular  explicit  methods  because  of  Its  increased  accuracy  and 
because  of  its  property  of  guaranteeing  numerically  stable  solutions. 

The  step  sizes  and  mode  identifications  are  defined  in  Figure 
A-l.  In  using  the  Crank-Nloholson  method,,  the  temperature  derivatives 
are  defined  as  follows: 
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When  these  difference  equations  are  substituted  into  Equation  (6) 
and  the  boundary  conditions  at  >T  =*  G  and  V  =  V ^  included ,  a  set  of 
tridiagonal  linear  equations  Is  obtained  of  the  form: 
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This  tridiagonal  matrix  set  of  equations  is  solved  at  each  axial 
position  by  the  Thomas  (Ref.  2)  algorithm. 
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SYMBOLS 

FOR 

PACKED  BED  REACTOR  MODEL 

2 

A  =  cross-sectional  area  of  the  reactor,  inches 

Cq  =  specific  heat  of  the  gas,  calories/(mo.le)-(°K) 

CL  =  specific  heat  of  the  melt,  calories/(mole)-(°K) 

D,.  =  tube  diameter,  inches 

Dp  =  diameter  of  catalyst  particle  ,  inches 

d  (  •  )  =  first  derivative  in  the  axial  direction 

d  Z 

Ei  =  activation  energy  for  component  i. 

G  =  molar  flow  rate  of  gas  ,  moles/minute 

G*  =  molar  flow  rate  of  gas  based  on  the  empty  tube  area  , 

o 

moles/ (inch)  -  minute. 

Hr  =  heat  of  reaction;  taken  here  as  the  heat  of  reaction  for 

guanidine  nitrate  production,  calories/mole 

Kp  =  overall  effective  thermal  conductivity  ,  calories/(min)- 

(in)-(°K) 

o 

kj  =  specific  rate  constant  for  the  formation  of  component  i, 
moles/(gram  of  catalyst)  -  (minute) 

L  =  molar  flow  rate  of  melt,  moles/minute 

L*  -  molar  flow  rate  of  melt  based  on  the  empty  tuix1  area, 

7 

moles/(inch)i'  -  minute 
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=  Prandtl  number 
=  Reynolds  number 

=  rate  of  formation  of  component  i,  moles/(gram  of 
catalyst)  -  (minute) 

=  fraction  of  the  void  volume  occupied  by  the  melt. 
=  radial  position,  inches 

=  log  mean  radius  --  (  qD  -  »'  T)/ln  (  \T Qjg/  V?  ) 

=  outside  radius  of  tube ,  inches 
=  radius  of  the  reactor  tube,  inches 
=  temperature ,  °K 

=  reference  temperature;  taken  here  as  the  feed 
temperature,  °K. 

=  area  weighted  average  radial  temperature,  °K 
=  jacket  temperature  ,  °K 
=  wall  temperature,  °K 

=  overall  heat  transfer  coefficient  at  wall  calories/ 
(in2)  -  (min)  -  (°C) 

=  mole  fraction  of  component  i. 

-  axial  position,  inches 
=  fraction  void  space  in  the  bed 
•-  density 

=  bulk  packing  density  of  catalyst,  grams/cu.in. 

=  viscosity  of  the  liquid 
~  first  partial  derivative  in  the  a  direction 

■  change  in  melt  and  gas  volume  hie  to  chemical 

reaction  -  cal /min 

finl) Wk) 
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Appendix  1-2.  LISTING  OF  PROGRAM 


CONTINUOUS  PACKED  BED  REACTOR  MODEL 
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APPENDIX  1-3 

CONTINUOUS  STIRRED  TANK  MODEL 


A  detailed  description  of  the  continuous  stirred  tank 
model  is  presented  in  this  section.  The  method  of  solution  of  the 
discrete  difference  equations  is  also  given. 


Model  Development 

Consider  the  series  of  stirred  tanks  depicted  in  Figure 
B-l.  The  material  balances  for  guanidine  nitrate,  urea,  and  ammonium 
nitrate  can  be  written  for  the  nth  tank: 
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The  notation  is  defined  at  the  end  of  this  section.  Notice 
that  both  sides  of  each  equation  have  been  divided  by  the  molar  feed 
rate  to  the  first  vessel,  F°,  so  that  the  factors  F^,  F^n~ ^ ,  and 
are  all  expressed  on  the  same  basis  of  one  mole/minute  of  feed  tc  the 
first  reactor.  The  rate  expressions  are  given  by: 
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By  summing  Equations  (1) ,  (2) ,  and  (3) ,  the  following  equation  relating 
the  flow  rates  results: 

fh  -  F^'}  ,,  /<^  F'"' 

Equations  (1)  through  (7)  are  solved  simultaneously  for  each  tank  in 
sequence . 

Numerical  Solution 

If  Equations  (5)  and  (7)  are  substituted  into  Equation  (2), 
the  following  cubic  equation  results: 
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All  terms  with  superscript  (n-1)  are  known  and  those  terms  with  super¬ 
script  (n)  are  unknown.  Therefore,  before  Equation  (8)  can  be  solved 
for  xu(n) ,  an  Equation  for  must  be  provided  in  order  that  M  can 

be  specified.  By  sups tituting  Equations  (6)  and  (4)  into  Equation  (3), 
the  following  quadratic  expression  results: 
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Equations  (8)  and  (9)  are  simultaneous  functions  of  the  unknown  x^ 
(n) 

and  xu  .  These  equations  for  the  nth  reactor  were  solved  by  the 
following  Iterative  algorithm: 

n 

1.  Assume  a  value  for  x^pj  .  A  convenient  first 

.,  .  n  (n-.l) 

assumption  is  *Apj  =  x^jyj 


2.  Solve  the  cubic  equation.  Equation  (8),  for  xu 


(n) 


(*^) 

3.  Using  this  value  for  xj  ,  solve  the  quadratic  equation, 


Equation  (9) ,  for  x 


(n) 

AN 
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4.  Check  whether  this  value  of  xA“  is  equal  to  that 

assumed  in  step  1.  If  it  is ,  the  solution  for  and 

(n) 

*u  for  the  nth  reactor  is  complete.  If  not,  repeat  this 

procedure  xrom  step  2  using  this  newly  generated  value 
x  W 

Of  XAN  . 

Using  this  procedure,  no  convergence  difficulties  were 
encountered  for  any  of  the  cases  treated.  A  listing  of  the  computer 
program  for  solving  the  stinod  tank  model  Is  included  in  Appendix  1-4. 
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SYMBOLS 

FOR 

jTIRRED  tank  reactor  model 


Ei 

p(n) 

o 

ki 


R, 


(n) 


W, 


(n) 


(n) 


=  activation  energy  for  component  i. 

=  molar  flow  rate  of  stream  (n)  per  mole/min”te  of  feed 

=  specific  rate  constant  for  the  formation  of  component 
i,  moles/(gram  of  catalyst)- (minute) 

=  .ate  of  formation  of  component  i  in  reactor  (n); 
moles/(gram  of  catalvst)- (minute) 

-  weight  of  catalyst  in  reactor  (a) 

-  mole  fraction  of  component  i  in  stream  (n). 
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APPENDIX  1-4.  LISTING  OF  PROGRAM 

CONTINUOUS  STIRRED  TANK  REACTOR  MODEL 
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APPENDIX  1-5.  COST  STUDIES 
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/  i .  « 

l  •  >  4. 

) 

4.93 

A;' i*. G\i  1  1  >,.j  NIIoATk.  .A5AUM 

L  •  1  /  L.  •  f 

•  * ' 

/  * . 

i  • 

1.64 

t '  a  r  a  L  y j  .  0  0  1  0  o 

Lo/I," 

1  SI  1 

•  n  :  1  1  • 

!  /  |  '  • 

•  1  •' 

t  ».* 

.  15 

TOTAL  (CENTS/La) 

r  •  t> 

6.72 

it. a  \  F  C'HKRHEAn  (CFNTS/L1') 

•  !  ■«* 

.  18 

P.TAL  MILL  COST  (CENTS/L  O 

FX  Pi'- 

op  in  •  r  •  ( :  ] 

:  •  ■  i  i  « 

>  •  M 

8.12 

•ft'-pxuDHCT  CPKDI  1  (  CF  ;VT  A/I.i‘ 

i 

oiNI  Or  C A HAMA  T  F.  .AilOO'i 

L-i/oi' 

•  o  i  r 

1  /  . 

•  DM 

.000 

TOTAL  <  0  PN\)T  S  /Lri  ) 

.■Ml 

.00 

TOTAL  M ILL  CC'ST  <  C P  a  I  S /I .- > 

1  -vp  KV- 

pin o  iip; 

'  -  -  i ,  l  « 

'  •  1 

"8717 

Fringe 

1.69 

10  YF.AP  PLANT  LIEF*  FMI 

c.  j  j  |i  p  <; 

t  r  u 

Price  0%  Return 

9 . 81<r/lb 

15  PCT  INDIRECT 


•*  PFPCFNT  CHANGE  .NEEDED  TO  A  FEED  “  ■■  i- ..  r  -  -  r  a  P  »•  pclviTS 


(i)  50%  is  maintenance  material 


>-  i p.pp  i.*-  riv 


PL  A;'  [  1  \ 

<T.  ALL.  •' 

•  s  -II  •  c-.-' 

I  O  i  '  •  i  “  i  ’  - 


pills*" 

y-  ii** 

*  l 

1  - I  PE 

Kiri 

20 

P*UPF 

h  O '  • 

30 

I  l  .  '  1,1'A'I  '/!.'( 

i  < .  -  p  v-  ■  ,  '  /l.  < 
l  >  •  ■  t :  ••  •.  i  t  /!..■■ 
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COST  STUDY  - 
CA r'> F  NO. 102 


GUANIDINE  MI  f^ATF.  .  ,  , 

Basis:  Cont.  Process;  1  hr.  reaction 

AN/U/Cat.  =  2/2/1. 7 
U  Yld.  =  80%;  U  Conv.  =  64.5% 
AN  Yld.  =  100%;  AN  Conv.  =  32% 

"PROPHCTI OM  Cus  i  5 


I 


KLAMT  CAPACITY  20.0  MM  LB/YR  **SF'NSI  TI  VI  TY 

PCX  Gov't 


UNITS 

BATF/T'VI  r 

L  I  A  F  L  Y 

CHANGE 

Acctg 

INVESTMENT  < MM  S) 

BATTERY  LIMIT 

2 . 78 

2.78 

OFFSITE  AND  ALLOCATED  AFX- 

.00 

.90 

TOTAL  C MM  $) 

0  .  AH 

10 

3.68 

PROCESSING  COST  (CENTS/LH) 

df:preciati  on 

10.0 

PCT  INVST 

1  .8/1.,. 

- 

MX  AND  RL 

s.o 

PCT  INVST 

.9p(l) 

.46 

OPERATING  LABOR 

1  2  •on 

MEN 

f<  A  0  0 .0 

S/MAiV-  Y  •' 

.  S2 

12A 

.52 

CHEMICAL  CONTROL 

A.  no 

MFN 

10000.0 

$ /iV.AN-y*' 

.20 

32S 

.20 

S’lPERVI  RION 

A.  0  0 

MEN 

12000.0 

\  -  t'B 

.2/| 

270 

.24 

electricity 

.^0 

K'JH/LB 

1  .n 

CMT/F  ■  B 

.21) 

/i0  A 

.20 

STFAM 

/i  .on 

LB  /L« 

7  s  .  o 

CX  r/x  LB 

.00 

2  7  0 

.30 

MATER 

10.00 

GAL /LB 

10.0 

(  ’.  S'  T  /  X' n  A  V 

.  1  0 

>31  1 

.  10 

FfiEL 

.0  1 

GAL/LB 

7.0 

CaT/  sal 

•  1  A 

7  73 

.10 

TOTAL  CCENTS/LB) 

A  .  h  O 

2.12 

MATERIAL  COST  CCE 

NTS /LB > 

•  VS  FA  1 

.20200 

LB /LB 

2  • 

0  0  CiVT/LP 

0.9S 

1  A 

4.93 

AMMONIUM  NITRATE 

.  A  S  A  0  0 

LB /LB 

2  . 

SO  R.vT/LB 

1  .  A  /i 

0  8 

1.64 

CATALYST 

.00100 

LB/L.R 

1  SO  . 

0  0  C,  ,\j  T  /LB 

.  1  S 

530 

.15 

TOTAL  ( CENTS /Lh ) 

A  .  /  R 

6.72 

TLA  NT  OVERHEAD  (CENTS 

/LB) 

.  "  S 

.45 

H.'TAL  MILL  COST  (CENT 

S/L  -i ) 

EX  BY- 

PRODUCT  C 

PHI  1  -■ 

1  1  .  SK 

~"572T 

Y-ppODUCT  CP  FI;  I  I  (  CF.N  rS/L'D 

AMMONIUM  CARBAMATE  «A0  100  LB/L>'<  .  )  i 

TOTAL  (CENTS /LB) 

TOTAL  WILL  CO  ft  ( CENTS  /L-* )  INC  BY-PRODUCT  CH»-  hi  )-" 


10  YFAR  PLANT  LIEF*  fv I STING  SI  TP 
1  S  PCT  IMF IRFCT 


.no  .00 

.on  .00 

1  1  .5 R  9.29 

fringe  2.02 
Price  0%  Return  1 1 . 3  K/lb 


**  PERCENT  CHANGE  NFFDFP  to  AFFECT  P  1 '  •>  V  .  Y  •»  ■  . .  'OT^F  nf.j  *.  rs 


^50%  is  maintenance  material 


PRICK 
ps  I  c  - 
P  •  •  !  rw 


PH  I  un  ill  \ 


PLANT  1NVF1-! 

*. 

0.7 

is  i»>p  At. 1,1  ■' : 

.  1 

wt  )•{  K  1  \  1  CAB 

f 

.  /i 

111]'  UP  ASSETS 

P 

A  .  1 

Fur  G  PC  i'  m  r  I  <■<  v 
Fio  20  PC  !'  >>»■■  I  ’ 
Fi'-v  30  PC  I  -FT" 


1  *  .  f  •  I  '  u  \l  1  S  /  L_.  ‘  * 
t  w  .  (S  0  1  <■-  /i.H 

■  •  i .  i  c  rs/i.p 
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Basis 


i  cTnpv  —  OPAivini  c* c  'I  '  •'•  0  !' V* 

xc'.^in 


Cont.  Process;  2  hr.  reaction 
AN/U/Cat.  =  2/2/1. 7 
U  Yld.  =  87%;  U  Conv.  =  88% 
Yld .  on  AN  =  100% 


r  >  1 1'  'C  1  i  ■  -  V  i;  i<  ~  1  A 


■  LPM  CAPACI1Y 

A  A.  A  y;..  L--I/Y-' 

-  'III' 

l  r  y 

, : ,  -  j 

Gov't 

0V.il  S 

A  P  /  ■ 

■  1  I 

.  1  -  M 

Acctg 

IVVFS  rXF/vT  C  Mrt  f) 

■OX  1  i  FPY  Lit*.  l  i 

■  .  >•  / 

4.84 

OFF1'  I  T  b  A  <  V  E  *  ALL  c 

CAiFP  a ' ; . 

1  .00 

1.00 

TOTAL  Crtrt  f) 

■  .  «  '1  11 

5 .84 

M  K  AS  I  iVA  COST  <  CFiXTS  /LO  ) 

PF  pp  FO  I  A  riGN 

1  0 . 0 

PC  i 

1  '! 

1  .  /.  r. 

“ 

!C».  A 'VP  PL 

S  .0 

pc  r 

1  '■  s  • 

.  /  '(I) 

.37 

U P F ATI  'V G  LAROH 

lo.oo  x  f  :v 

H  AO  0  •  0 

i/  .A 

\  —  r  . 

.  "i| c> 

.26 

Cof'MCAL  COi'.TPOL 

/i  .nil  •  >■ 

1  0  00  0  .n 

<£  /  y  /N 

«  V 

.10  *>  >o 

.  10 

st T>|."n;i  s  I  OX 

A.  00 

1  -'000  .A 

C  /  v  A 

—  y .  ■ 

.  1  •  ’  t  1  /• 

.  12 

M.FCT^  I  C  I  TY 

.00  •'  -H/L.P 

1  .0 

r  \  i  / 

.  <  ■'■  s 

.20 

st  fa  :*. 

A.  0  0  l.  ;  /L.O 

7  S  .  0 

C  \  1  / 

■ -  L*  ’  • 

.no  >  |  7 

.30 

A  TF'P 

10.00  vAL./L  < 

10*0 

i.:  -  t  / 

•  OAl. 

.  l  o  .'  i  I 

.10 

F'o-'L 

•  0  1  •  i  A  L  /  L  • 1 

v  ,n 

CM/ 

.10  <•  "0 

.10 

ioTAL  (CPNTS/LP) 

■ .  •*  / 

l .  55 

■A  .*■  A]’ F«IAL  COST 

(CFXTS/L^ ) 

■V>  1-  A 

1.10°OO  LP/LP 

/i 

.no  C 

■'  1  /  I.  ■ 

.  1  0 

4 . 53 

A.*..*  Li  v  1 1  ipi  NI  TPATF 

.ASA00  L  i/L  ) 

•  SO  o 

■ 

)  .  <•-  A  1  : 

1.64 

catalyst 

.00°00  LP/L0 

1  so 

.00  0 

.no  •  ■  1  ■ ' 

.30 

1'CTAL  (CFNTS/LP) 

.  '■’/ 

6.47 

ILALT  t  7P  MI  FA  ['  (CFXTS/LP) 

• 

.28 

TL  I’AL  MlL  CCS  r  (Clr.N  IS /Lx)  »•  X  M-P  o.  CMC  l  C'-Mo!  8.30 


•Ir'-P-'Ch'im  C  ‘ '  K  D I  T  (CK.-.I  S/L.'0 

•WTinilUrt  CAPOAiOA  I  F  .  /i  .->«•■) i)  L •  <  /  L '  •  .11  >  1  ■  I  /L 

1 1 H  A  L  ( t '  h  .v  I  S  /  L  0  ) 

in  r^L  -sill  cost  ( of v i a/l- >  i  m:  •'Y-p-.ci  no  r  o  '  i  i  <• 


*  10  PLASIT  L I  “0-0  *• v  1  M  v'  ■' !  !  w 

is  per  i\iiM;:r 

u  h  \  >i ;  F  \i  I'  I'HAaTF  i.  u  1 1  v.  | ,  |  i  ■  A  F  H  r  0  i  F  1  i  !  ■ 


I  ‘  ' 

Fringe 

Price  0%  return 


.00 

.00 

8.30 

1.75- 

10.08^/lb 


(1) 


50%  is  maintenance 


material 


i-  i'i  ,\  P\i.r  !  i .  'i  I  i  .* 


'  M  1  .  !  j 

i O'  *■  'wio-i;  •  . 

.t  ■  f .  l  ■>  • 

!  (.i  I  t.-t'  -■»  ■ .  >■  1  1  ;  <  . 
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PM(M 

i 

P  1  •.>  -  i  - 

-  20 

P'K!'*  F> 

30 

m..  i  • '  ,  ;  •  /i . 
i  •  ■ .  -  0  ■  i  -vi 

!  '  •  O'  v  i  1  / 1 , 1 


■*  j*j**w, 


Oust  study  -  GUANIDINE  »\il  irate  Basis:  Cont,  Process;  3  hr.  reaction 
O’iSF  MO  •  P°0  AN/U/Cat.  =  2/2/1. 7 

U  Yld.  =  88%;  U  Conv.  =  98% 
Yld.  on  AN  =  100% 


*Pl-  0{>'»CT  I  U'v  CC  S  )  S 


FL  4  N  r  CAPACITY  AO  .0  M>* i  L.R/YR 


“*5F  VSl  TI  01  I  T 


PC  ) 

Gov't 

UNITS 

A  :->!*•  /"-V  I  f 

L  I  K  F  L  r 

CHA  VGA 

Acctg 

INVESTMENT  (MM  $> 

RATTFRY  LIMIT 

5.0t 

5.61 

OFFSITE  AND  ALLOCATED  A'iy. 

;  .no 

_L_Q0_ 

TOTAL  (MM  $> 

^  t  1 

1  51 

6.61 

PROCESSING  COST  (CFNTS/LR) 

depreciation 

1  0 . 0  °C  T  i  v  ;  T 

1  .AS 

— 

MM  AND  RL 

5.0  PC T  ivusr 

.fn 

.42 

OPERATING  LABOR  IP. 00 

MEN 

R  600.0  f./MA.v-ft. 

.  °  6 

R07 

.26 

CHEMICAL  CONTROL  4.00. 

MFN 

10000.0  t/M«N-Y  • 

.  1  0 

5*5 

.10 

SUPERVISION  4.00 

MFN 

lPOOO.i)  T/'^N-Y-' 

.  1  3 

/i  ft  i 

.12 

ELECTRICITY  .30 

Hv.H/LB 

1  .  U  Ca  1  /  t\  ri 

.30 

36  5 

.20 

STEAM  4.00 

LB  /LB 

7  5.0  C.a/M  LB 

.  30 

P/!  /I 

.30 

WAJFR  10.00 

GAL/LB 

10.0  C  i  v  l  /  *  l_. 

.  1  0 

7  3  1 

.  10 

FUEL  .01 

GAL /LB 

1  .‘I  C  v  !  /  '-^L 

.  1  0 

sy  a 

.10 

TOTAL  (CENTS/LB) 

6.56 

HAW  MATERIAL  COST  CFNTS/LR) 

UREA  1.1 1800 

LB/LB 

/•  .  ru)  0  V,  r/LB 

'\ .  /■  7 

1  6 

4.47 

AMMONIUM  NITRATE  .65400 

L.B/LB 

o.SO  C  a  1  /!.•'« 

\  •  A  /] 

A  4 

1.64 

CATALYST  .00300 

LB/LB 

lS'i.'M)  i:.u/l) 

•  /t  S 

1  50 

-  -i45_ 

TOTAL  (CFNTS/LB) 

4.5'". 

6.56 

P.ANT  OVERHEAD  (CENTS/LB) 

.31 

TOTAL  MILL  COST  ( CF.NTS/LB) 

EX  BY- 

product  c-‘*»n  ri: 

1  B  .  5 .3 

8.47 

I 


! 


BY-PRODUCT  CREDIT  (CENTS /LB) 

AMMON  i  UM  CAR  RAMA  IF  .  AO  it  3  0  Lb/LB  C 5  . /!-'*  .  )  0 

TOTAL  (CFNTS/LB)  ml 

IVTAL  MILL  COST  C  CENTS /LU>  INC  BY-PR0''Cr  i>-'u  U'C  JO.  S3 


a 


** 


Fringe 

Price  0%  return 


10  Y EAR  PLANT  LD  E  .  K /.  I  S  1 
15  PCT  INDIRECT 

;i.vj  si  ik 

PERCENT  CHANGE  NEEDED  TO 

AFFECT  PKrl'-'v  MY  -1 

p  V-  i:  l-  N  I  A 

GF  PD  I  NTS 

^50%  is  maintenance  material. 

><F  1  M.v.v  PmuRi  li.A  ] 

I  (  '■ 

i'L.A  m  !'  I  M  mf  ■  ;  i  i 

1  .  r  >.«. 

C<"'P  ALL’  '  > 

•  ’  ’  .  1 

C 1 1 '  *\  I  V1 1  i  1  1  V  1  1  1 

•  t  *.  V 

ini  HR  a  i 

/  •  >;  •. 

i  ’  'ICE 

H'li  >  ii  up  1  ..  •»  J  I  ' 

i  * .  ’i  r  - 

■  )  r  /  L  ‘ 

K  ■>  I  1 : r 

EL  >  20  P<’  1  • 5  1  1  ' 

\  t\ ,  <•  i 

-  i  P  /  B 

p..  I  PI. 

''•  ■'30  1  •* ■ .  (  *•  i 

\  t  •  \  r » 

;  r  *  ■  / 1 .  ■  • 

i 

.00  s 

.00  l 


iJtfl^/lb 
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V  '  T  -Vj  imy 
OA  c:  V  v  0.30  1 


(V!  A  . Si  I  p,  I  ‘Vi-  ;\ITpA 


Basis:  Cont.  Process;  1  hr.  reaction 

AN/U/Cat.  =  2/2/1. 7 
U  Yld,  =  80%;  U  Conv.  =  64.5% 
Aqueous  Workup 


Y-P  !b|)"CT  CPFDIT  <CH'JT<*/L;*> 

•VOOMOX  CAPOAMATE  .ftOOOO  L'*/LP  •  -  V I  O'.  :/l.  t 

TOTAL  (  CFN  TS/LD) 

ILTOL  xILL  COOT  (CFaM’/Lm)  1  .'.‘0  •<Y-F0*J!:<  tC‘l  O^tpir 


*  |(1  YVAU  PI. AMT  L1FF*  Fvl<i''I,\r:  OtTf. 

IS  PC T  l'VPlPFCl 

«*  pc»CFNT  (’HAM OF  NFFPFI*  r»<  AFFECT  ''•  ri,wV  ‘A 

(1) 


*  •  1  / 

Fringe 

Price  0%  return 

t  '  ;-•>  i  >  | 


50%  is  maintenance  material 


'ATI'".'.  L'M-C  L a  i  [  • 

PLa.v  i  I  aW  S  !  t 
CO! ;P  ALLOC  ; 

Ml  ’A  l  \)Cs  r  A  i  »  , 

11-  !'  L'P  a  '  , o  I  . 

P  1  I  O  F  h  l  ( 1  >  A  i'i'  i  . ■  .*■  ,  -  j  |l 

* 1  ■  I  C  p  F  <  ■  •  •  20  PC]  1- 

P  1 0  F  Ft  >•>  30  pp.  i  i 


■ ;  /  : . 

/ , . 


fcP‘-Tin:ii 

r 1 0  v  costs 

ft.AVT  CAPACITY  AO. 

.1  L'l/Y"! 

•r  w  m 

1  »  J  1 

S  Y 

./I'I 

Gov't 

n.v  i  rs 

PA  |  s  /II.-.  T  ' 

...  I  -  '  ..  t 

f  -  •  \  .. 

Acctg 

IM OF  STXFNT  (MM  i  > 

HATTFi'Y  LIMIT 

’>  ,  ! 

3.69 

OFFS  I TF  AMD  ALLOCATED  Any. 

.  -Ml 

.90 

TOTAL  (MM  $ ) 

.  S'.« 

1  1 

4Ts5 

RCCFSSIN3  COST  (CFNTS/LD) 

I)F,PCFC  I  AT  I  ON 

10.0  PC  V  I .  u  1 

- 

/X  AMD  PL 

s  •  0  pci  I  ■>  •  i : 

.  s  /  (1) 

.29 

UPFPATIMS  lahop 

10.00  MFi\l 

P/V)l)  .*)  i- '  -y  • 

.  '  1 

1 

.21 

CHKi'i  I  CAL  CONTHOL 

0.0  0  iv.  F  N 

lonoo.n 

.  1  I 

>■>  1 

;io 

SI  .|JF V'VI  q  I  ON 

A  .  O  O  X  v-  V 

1  Otino  .  I'I  !>/{■. A  . -  r  • 

•  1  '? 

y«  v 

.12 

F  L  F  C  mniTY 

.10  HH/Lli 

1.0  r.  \iT/  -v  p 

.  1  .1 

S  *  *  0 

.10 

<:  TTAi< 

S.00  Lr»  /LA 

7  S-.0  C  -.I/.-  >.~i 

•  ’•  t 

1  ”5  '1 

.37 

•  Ai'S  ■> 

K.nn  oal/lo 

1 0  .  n  c v  'i  /■■ 1  •  ai 

•  1  H 

A  ‘V- 

.08 

F"KL 

.01  OpL/LO 

7.0  t\.  1/  p.-.i 

.  1  0 

"  1  ■' 

.10 

TOTAL  <  CENTS /Li*  > 

1.37 

•  •  .'Pil’vnIAL  COST  (  C F  \  f  S /L  i  ) 

"  '  FA  1 

.03000  1.../LO 

/l  .O')  C  -  /!..  1 

**  •  *  * 

1  1 

4.93 

Ai’M'Xl'Tv  mithatf. 

•*5AOO  i.  i/uP 

•>  .si  c.\  ;  /  *-  ■ 

1  .  •  ■■ 

0  1 

1.64 

CATALYST 

.00  100  j.p/Lo 

isn.no  u.'.  :/!..■■ 

.  1 

>  1 

.  15 

I  OVAL  (CF.NTS/LH) 

«  /  ' 

b.  72 

ft.  A  NT  OWF11HFAD  ( CFNTS 

/LO) 

•  '■ 

CM 

10TAL  ‘.ILL  COST  (CF.N7 

S/L»3)  »*y- 

pc  in  f’C  r  C  F  T’  1  , 

■ 

8.33 

.00 

.00 

“OF 

1.73 


10.06$/lb 
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I 


GUANIDINE  NITRATE 


COST  STUDY  - 
CASE  NO.  501 


Basis:  Cont .  Process;  1  hr.  reaction 

AN/U/Cat.  =  2/2/1. 7 
U  Yld.  =  80%;  U  Conv.  =  64.5% 
Agitating  reactor;  melt  workup 

^PRODUCTION  costs 


H-ANT  CAPACITY  A0*0  K,«  LB/YR 

>r 

SENS  IT  I  VI 

ty 

pc  r 

Gov't 

UNITS 

ur 

•  7  '■  /  ■  '  v  1 

LIKELY 

CHANGE 

Acctg 

INVESTMENT  <MM  S) 

BATTERY  LIMIT 

0.00 

3.00 

OFFSITE  AND  ALLOCATED  AUX* 

i  .00 

_ It.QQ. 

TOTAL  (MM  $) 

A  .  00 

1  1 

4.00 

PROCESSING  COST  (  CENTS /LB ) 

DEPRECIATION 

10  .0 

PC  T  IN  US'! 

1 .00 

(1) 

- 

■MM  AND  RL 

5.0 

PC  T  I  N>’ST 

.  50 

.25 

OPERATING  LABOR  19.00  MEN 

8 600 .0 

f /MAN- VP 

.  96 

1  A3 

.26 

CHEMICAL  CONTROL  A .00  MEN 

10000.0 

i  /  !>,  A  iv  -  Y  R 

.  1  0 

3  70 

.10 

SUPERVISION  A. 00  MEN 

19000  .0 

*/MA\-Vp 

.  19 

30  8 

.12 

ELFCTRICI  TY  .90  KWH /LB 

1  .0 

C  >•  ['/•'  -'H 

•  93 

9  0  1 

.23 

STEAM  A. 00  LB  /LR 

7  5*0 

CMT/M  LB 

.  30 

1  5/i 

.30 

WATER  10.00  GAL/LO 

10.0 

CNT/mC^L 

.  10 

A  6  9 

.10 

FUEL.  .01  GAL/LB 

7 .0 

c  ;t/  ;.'il 

.  10 

‘1 A  0 

.10 

TOTAL  (CENTS /LB) 

9.71 

1.46 

;AW  MATERIAL  COST  (CENTS/LB) 

UREA  1 .93900 . LB/LB 

A  . 

00  CN1/LU 

A  .  9  3 

9 

4.93 

AMMONIUM  NITRATE  .65000  LB/LB 

9  . 

50  CNT/L-J 

1  •  60 

9  8 

1.64 

CATALYST  .00100  LB/LB 

1  50  . 

00  UNI' /LB 

•  1  5 

309 

.  -15 

TOTAL  (CENTS/LB) 

6 . 7  9 

6.72 

l-LANT  OVERHEAD  (CFNTS/LB) 

.93 

_ 

•IUTAL  MILL  COST  (CFNTS/LB)  FX  BY- 

PRODUCT  0 

•  pi  r  • 

0.66 

9.41 

BY-PRODUCT  CREDIT  (CENTS /LB) 

AMMONIUM  CARBAMATE  .60000  LB/LB 

• 

DO  CV'T/l,)- 

.  00 

.00 

TOTAL  (CFNTS/LB) 

•  no 

.00 

IUTAL  MILL  COST  ( CENTS/LO)  INC  BY- 

PRODUCT  C 

•’EDI  i  ~ 

0. 66 

8.41 

Fringe  1.74 


a  10  YEAR  PLANT  LIFE>  I STI NG  .SITE  Price  0%  return  10 . 15^/lb 

IS  per  INDIRECT 

PERCENT  CHANGE  NEEDED  TO  AFFECT  RE  TORN  '  v  •.*«'  TASK  POINTS 


(1* 


50%  is  maintenance  material 


RETURN  CALCOLY'TI  I'NS 


PLANT  i N  i T  ;  T 

5 

A  .0 

.wi'i 

CHRP  ALLOC 

iy 

- 1 

WORKING  CAP 

V, 

.  6 

c 

X 

V 

/■  •  7 

lv;  ,*j 

PRICE 

FU'I  n  pc  r  RF  !  i>- 

1  1  •  A 

c  y 

•  r . -  /  lb 

P  >■  I  CK 

El -u  20  POT  i  ■  *  ■ 

16.1 

r  i." 

■'  I  <•'  /!■■< 

PRICE 

Fum  30  PC  T  ; 

1  .  s 

f%y 

>  TS /!.)< 
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WWIKH,-.. 


no  —  "T’Tr.Y  -  Gmamidi  vf.  .vit«  a->  k  Basis:  Cont.  Process;  1  hr.  reaction 
i '  O.MO  AN/U  =  0.75;  aqueous  workup 

U  Yld.  =  71%;  U  Conv.  =  66.5% 


*u.-l-r>:<CT  I  c  V  CL, ST1' 


W..AVT  CAPACITY 


A  0.0  >'>  /■  L->/Yk 
■  i  \  I  i  S 


A  'I  '•  /'■  ■■ 


IXWK^Ti’iFMT  (rtrt  i>) 

LIiYIT 

OEFSITR:  A iSJ I )  ALLOCATED  AM/, 


£  -  •  i .  Y 

■  •  U'  / 
•  >il 


' '  l  !  W  I  1  Y 

M,  :  I  Gov’t 

Mi-'  vOE  Acctg 

3.57 


Fringe 


TuiAL  (  NT  T.) 

'i . 

.'i  ( 

i  i 

4.47 

V^OC FUSING  COST  (CENT 

S/LH) 

DEPP  EC  I  ATI  ON 

i  n  .o 

PC  T  I 

i . 

1  o 

- 

/.a  AND  PL 

5.0 

per  i 

.  .  •  1 

• 

(l) 

.28 

l)PK»<’ATI\ffi  LA  00k 

10.00  .>>N  *<00  0.0 

V/  v  l\  \ 

-  Y  ■ 

• 

'  ! 

i  >  i 

.21 

C H  *•..».  I  CAL  CONTROL 

/j.on  /. p  v  too oo.o 

+’/."> 

-  V  : 

• 

1  o 

’  i  i 

.10 

;  I  SION 

/'.on  ..t-N  ip  on  o.o 

-  /  •  A ' 

-  '  / 

• 

1  •> 

:<  /  i 

.  12 

D.-rrvqciTY 

.10  '.H/L'O  1.0 

C  T  /  ‘ 

• 

!  ) 

i  o 

.10 

<;  f  F'A.«. 

5.00  i_P  /L*o  /  c,  .  0 

r  ■  l  /  •. 

■ 

• 

'  / 

i  ■ 

.37 

T'-'p 

h  » (1 1 1  i  j  'u  /  L*  *  1 .  i  »  0 

n  i  ✓ 

••••  . 

• 

*  *  > 

.08 

F  ’  ’  ”  L. 

•  01  '"i aL / f . ,J  7  . 0 

C  -  i  / 

i  ■  ' !, 

• 

!  1  i 

-  >  \ 

_JL0 

TOTAL  (CFNTS/LO) 

i  / 

1.36 

K4  MATERIAL  COST  (  C  F 

v  rs/uo) 

1 

.OKAOO  LV/L''  /i 

•  no  o  . 

:  /i. 

■  • 

V 

5  54 

A-.  >  i.i'V  in,-,  iv  I  1 '  ( A  i  E 

.05000  L-t/L.O  •> 

•  mi  i ;  ■ 

,  ✓  I  .  • 

i  . 

'■  • 

.  1 

1.64 

NATALYS T 

.00100  L-'/L-  150 

.  ■  i  r 

/ 

* 

i 

V  z* 

.15 

Tv  1 AL  (CFMfS/LO) 

i  • 

'•  < 

~T3T 

r  (Vof'khfad  ( cfmts 

/LO) 

9 

•  . 

_ Ol. 

TOTAL  PILL  COS  T  <  CFNTS/L’A)  (•  >  DY-P-Or  MOT 

:  •  ■■■  I  ’ 

’  ■  . 

< 

8.92 

O-PI  OP'ICl  Cl’ EDIT  <  OF Nri-./l>< ) 

A ■>  •'  0  I  CrC'DAPATK 

•  nl  ('  ■ 

i  /•.  - 

• 

\  , 

.00 

TOT  A),  (C^NTS/L'A) 

• 

i  ' 

.00 

u  1  A).  /ILL  COST  <CF\r 

S/L.'O  1  0  •  - - -  '-"C  | 

’  •  ■  v.  1  ■  |  l 

( 

1  i  . 

'  ■ 

8.92 

1.86 


10  Y FAS  PLAN  r  L  1  F  f-  *  F  '  I  ;  I  :v ' '  *;|  r- 
1  S  PC  f  I  NDI  t<FC  [ 


Price  0%  return  10.78$/lb 


P won:?- NT  CHANHF  NFFPKD 

^50%  is  maintenance  material 


A  "T  F  C  1  h  !  ■ :  0 


'  I 


I  I 


!*■  £  1  '  >• 
i  >  ‘  | 
i>!  1  i'V 


|  . 
i 

f*  \ 


“0 
3  0 
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<X>ST  STUDY  -  GUAM  IDINF  NI  IRA  IT. 
UoSE  NU.6R0 


Basis:  Cont.  Process;  1  hr.  reaction 
A«/U  -  0.56;  aqueous  workup 
U  Yld.  =  62.5%;  U  Conv.  =  68% 


*  PRODUCT  I  ON  C  0  S  T  S 


PLANT  CAPACITY 


40.  n  LR/YR 

UMTS 


INVESTS FNT  (MM  $) 

BATTERY  LIMIT 

OFFSITE  AND  ALLOCATED  A17. 
TOTAL  (MM  S) 

PROCESSING  COST  (CENTS /LA) 
DEPRECIATION 
i'iM  AND  RL 
OPED AT  I  NO  LAflGn 
CHEMICAL  CONTROL 
‘'UPFRVI  SIGN 
u  LFCTR  I C I  TY 

>  I  H.Ai'i 

■  A  TER 

r  ( '  FLj 

TOTAL  (CHNTS/L'j) 


in. no  men 
a  .  o  n  ,«■  u  v 
A.  on  MEN 
•  10  KTJH/L'-' 
5  »  1 0  LA  / 1. •  • 
«.0(l  OAL/LH 
•01  UAL/LO 


1 00  0  0  .M 


7 


•  00  MATERIAL  COST  CCFNTA/^.o 
"•U-EA  1.S7S00  LR/LD 

AMMONIUM  NITRATE  .*5*00  LH/L.R 

CATALYST  .00100  L'-'/l.n  IS 

TOTAL  (  C ENTS /L'1 ) 

plant  Overhead  <cents/lr> 

fC-TAL  MILL  COST  (CFNTS/LR)  EX  RY-piif  R'lir  ]■ 

'^-PRODUCT  CREDIT  (CKNTA/LR) 

AMMONIUM  CARPAMAT E  .*0000  Rn/LO 

TOTAL  (CENTS/LR) 


"  10  YEAR  PLANT  LIFE#  l-vl  tor  I  NR  UTF 

15  PCT  INDIRECT 

*■"'  PERCENT  CHANCE  ME  FPM>  TO  AE>«*CT  'ORT  ;;{  .iy 


V 

END  1  i  l  V I  l 

Y 

PCT 

Gov't 

ATK/t  i''!  |  t 

LI  RE  LY 

Change 

Acctg 

o .  so 

3.60 

•  90 

.90 

/I  .  s  0 

1  l 

PC  "  i  >  ;•<■-.  i 

1.1° 

RC  T  I  -  R~  t 

.  s* 

(1) 

.28 

f  /  «  AN  -  /•- 

.  °  1 

1  9  A 

.21 

>  /  •  A  •  -  Y 

.  i  n 

A  ]  H 

.  10 

S  /  •  A  -  V  . 

.  1  R 

.?  'i  H 

.12 

c . .  1  /;- 

.  !  0 

SCO 

.  10 

C.  .  / 

.  0  / 

1  .  J 

.37 

ID  i'/.-.'  Ai_. 

.  O  p 

A  S  0 

.08 

A  .  !  / 

.10 

/!■>>( 

.10- 

- .  7  R 

"HJ6 

><'0  Ovl/I," 

A  .  00 

H 

6.30 

-  No  O'.  /!/■■ 

1  .  A  0 

0  1 

\ .  64 

■  "o  ]  /{.• 

.  )  s 

0  A  1  __ 

_^1£_ 

E  .  0  > 

8.09 

•  11  A 

.24 

•  1  PI )  '■ 

11.11 

9.69 

Ro  r\  ,  /i 

•  O' 

.00 

"  T'l  !  . 

•  Oil 

11.11 

9,59 

Fringe 

1.99 

Price  0%  return  11.68C/ih 

!  A  ''  !•  V^lN  iO 


(1) 


50%  is  maintenance  material 


O'  P’i.A  c  • 


PLANT  I::  -rr 
COD!'  AS, 1.1  D 
o  1  iV'i  C>P 
T(i(  (ip  .VV'TT' 


[  i  ■  t  i  ii 

i  ■  ■  i  C  h 

•  i  -  -<■■■  30  i 


i  i  ,  ■  i  •  i  .  •  i.  i 

20 
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( JL' r  STUDY  -  GUAMIDINF  w I ti}  a L"  Basis:  Cont.  Process;  1  hr.  reaction 
C7V-T'  WO •  6. TO  AN/U  =  0.5;  aqueous  workup 

U  Yld .  =  59%;  J  Conv.  =  68.5% 


P  :y  j  if  TO  J  J  ( , fv  { ;  ( c  i  <r 


An\r  CAPACITY  /»n.n  MM  L> 

>/Yr? 

”  w 

'.'••vc in  i 

pi  •  :• 

I  Y 

Gov't 

r 

V  1  Tc 

1  • 

f\  /  «'/ 1 ; 

i 

L  L  '  i.Y 

CLAN  0" 

Acctg 

INVFATMFNT  (MM  S) 

nATI'rLiY  LIMIT 

-  «  o  i 

3.57 

OFFSITE  AND  ALLOCATFD  A!JX. 

•  V  < ; 

.90 

TOTAL  (Mm  *) 

.  /!  7 

1  1 

4.47 

RIOCFSSING  COST  (  CFNTS/L'A) 
DKPTFC I  ATI  ON 

10.0 

PCI  I 

*./  *0  1 

!  .  I  > 

(1) 

, 

MM  AND  HL 

5.0 

per  i 

.  28 

UP  FOOT IMG  LADOF  in. DO  * 

F  N 

8 POO.  0 

s-  /  " 

-y  • 

.  1 

1 

.21 

0H-.«:  I  CAL  CONTROL  A.  00 

FN 

l on on  .o 

/ 1*.  •'  » .  ■ 

-  V 

.  I  0 

A  I  / 

.  10 

'(jPF-'OI  SI  ON  /i.po  •• 

F'.v 

1  noon .  i 

.♦*.  /  v.  A  v 

~v  • 

.  1  ' 

‘~J  A  f4 

.  12 

FL'-CTSICI  TY  .10  i- 

’H/Lm 

1  .0 

CAT/' 

•  ’  .  1 

\  •'> 

.  10 

STFAm  5.0  0  L 

><  /L’ ' 

7  5.0 

i;  1*- 1  /  ■ 

L 

. :  / 

1  A  7 

.37 

'AT-1'  A.  no  • 

Al./!,n 

1  0  .  I'i 

C Y  / 

•  '■ 

*<  K  * 

.08 

ri:M,  .0  1 

;  |  •  • 

1  • 

( •  -  / 

'■1\  l_ 

,  \  • 

‘  •  1  .*  / 

.10 

TOTAL  (CFNTS/LH) 

•  7  ■ 

T731T 

.-.ATElUAL  COST  (CFNl  '/L'D 

■  •  o  fV \  1  •  6  H  ’ )  0 

LO/L,; 

A 

•  no  r  • 

/!.  ’ 

•  '  / 

6.67 

AMMO  :  1  1  'M  NITWIT  .  ASAOn 

l.o/Lo 

*•’> 

. 1  *•>  •. :  v 

:  / : . 

1  .  V" 

;  • 

1.64 

cn  j'Ai.YsT  .on  inn 

LA/Ls 

!  Vi 

.  I  i  IV 

I  /  L  ■ 

.  I  - 

*n  1 

.  15 

!'( 1  l‘AL  (CL'VTS/LO) 

'•  •  '■  1 

8.46 

il’i.v  i  G.LFmHFAO  (CENTS/L**) 

•  ' 

.23 

!'  ;al  .-ILL.  COST  C  CFA.TS/LA)  .• 

y  '<  Y  -,> 

:  •  'C  i' 

:  ■  *  l  : 

11./ 

"107FS 

Y-’.'(ri"iCr  CHFDIT  (  C  FA'TS /i.-o 

n.v  1"...  C  A: ■  ;1AMA  TF.  »&<)■',  i  > 

!.•'/],  0 

•  *  1  ‘  *  . 

/  ; 

•  * 

.00 

TOTAL  <C£'NTS/LU> 

.'1  1 

.00 

r.'Tal  i'i i  l.l  c ■  ;  r  <  cfk  r;/L>j  >  i 

vi:  ■ 1 Y -I- 

■'  t  ’l>r  >CT 

v  £  so  • 

1  !  •  1  / 

10.05 

Fringe 

2.03 

in  YFA"'.  PLAN  i  LI  r  F.i  r  M  I  S 

;  i  v>]  m 

T  F 

Price  0%.  return 

12.08$/lb 

l  s  t-v  i  l  *  * l  m  fc  r 

r‘'CW'Ur  CHANG F  ivFF|>f  p  ( (■  AKFH’I  ->Y  "  )’••  .  i  -  1 


(i) 


5  0%  is  maintenance  material 


i;  I.  p  u  ■  \!  ( :  t__  1  ' :  1 1  .  • .  'T 


i  i-  ■ 

(  ( )| : I  >  AI..LI  I r 

"  •  •  K  1.,'i  cal' 
i  i  r  .  ■  1  ■;  f. 


.  I 


i 5 . •  I  1 '  !•  i, •;  vl  >  :0  i  ! \  *■  t 

•  ;  i  • :  -  2  0  i-  c  !  ■■  '■  i 

i  i  :  JO  :  : 


I  •  . 
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Q.'ST  ■study  -  guam  DI  i'.  (■  >' l  i  HA  I  *•  Basis:  Cont.  Process;  1  hr.  reaction 
GA'>F  NO.hao  AN/U  =  2;  aqueous  workup 

U  Y Id .  ~  99%;  U  Conv.  =  55.5% 


'  1 

C  !  I  p  '  (S  s  i 

PLANT  CAPACITY  /'i). n  Lm/vd 

v  v  w  . 

o si  i  i v i 

1  Y 

t'CT 

Govt 

WlV  I  1 

«  l"' 

i 

!I  T 

I.IFt-LY  l 

IB  A  \  i  j  R 

Accty 

IXJUFSTMFVT  (ME  S  > 

uattfry  limit 

A  *  1  7. 

5.16 

OFFSITE  AMD  A L L 0 C A 7  R D  aov. 

1  .no 

1.00 

TOTAL  (MM  5) 

<■  .  1  S 

1  t 

6.  IP 

P-OCFc.R  I  MO  COST  (  OFvTS/L1- ) 

BEPHivClATI  ON 

1  '  i  .  0 

oC  1 

1 

1  •  S  A  1 

- 

.--M  AND  HL 

S  .  0 

”  c  . 

i  .  ••  i 

, ,  (1) 

•  it 

.39 

OP  PRATING  LABOH  10. BO  M  F  Y 

0  1  1  .  i 

T  /  .*.<« 

.  - 

.  '>  l 

J  S  B 

.21 

CHEMICAL  CONTROL  A. 00  MIBv 

1  OOOO  .  O 

7 

V  -  7  • 

.  1  o 

R  A  A 

.  10 

SUPERVISION  A. 00 

!  ‘^1)0  0  •  <  i 

f.  /  ■  A 

:  “  Y ' 

•  1  '3 

A  A  A 

.  12 

ELECTRICITY  .00  KVil/L  i 

1  .'1 

C  \  1  / 

\  .  . . 

.  >0 

O  AO 

.20 

STEAM  A. 00  LB  /L-l 

VS.it 

0  1  / 

v  1  .• 

.  /•  s 

1  S  1 

.45 

.  ATFn  10.00  CAu/Lo 

M.'l 

1  ■  ■  / 

•  'mI. 

•  !  0 

So  ) 

.  10 

K"Kl  .o'  C*Ow/L*< 

7.0 

:  .  i  / 

’  0, 

.  1  n 

AH  A 

.  14 

TOTAL  (CENT^/LO) 

■i  •  SB 

1.71 

■o  v  I'.ATFHIAL  COS  i  (  CF\  T-  ■/LB  ) 

'''RE  A  .'Tunii  l,n/|. o 

• 

i  i  i : 

/I." 

■'  .  )  >■ 

’  7 

3.98 

AMMONIUM  ;\i  I  if?  A  I  *•  .AS/-0O 

*  • 

'v  ;  0 

:  /  i ,  • 

1  .  7  /'l 

A  1 

1.64 

I’A  PALY. A  1‘  •  0  0 ' 5  • )  0  /  L; ' 

IS!. 

!  0  1  • 

1  /I.  ' 

.BO 

» ■  j  ■> 

.30 

TOTAL  (  r>-,\!TA/LO) 

S  .  *•  :> 

5.92 

It.  A  NT  OVERHEAD  (  CFiV  I  -  /L,; ) 

.28 

T'TAL  MILL  CoS  f  (CENTS/Ld  O’  MY-!'- OpMCT  <; 

"r  Pi 

>  *  r  /i 

“77 TT 

‘Y-PBODOiJt  Ci  'FDI  ;  (  C F.\ T "/;,.•< ) 

Oi'./.Oi'.'l  Oi*.  c A; COmMA  I  h:  .  f  I  I'M  L"/L.  ■ 

• 

i  i 

/  i 

•  ■  )  . 

.00 

TOTAL  ( CENTS /Lo ) 

• ' ;  i ; 

.00 

1DTAI.  MILL  COST  <  CE .b  I’S/L.O  )  1  .vC  BY- 

■  F'  \ i it  <nc  i  : 

-II 

j  .  ^ 

7.91 

Fringe 

L 1L 

10  Y FAR  PLANT  LIEF,  EXISTIN'! 

r  I  T  !• 

Price  0%  return 

9 . 67^/lb 

IS  PC  T  I  I'JD  I  !■  DOT 

PERCENT  CHAN  ?F  .vHFPM:  TO  A F F !• 

Cl  1 :  !•  I'D'  -  -  Y 

•  1.  A  ■  p.  i>cl  ,\  T  C 

(1)  50%  is  maintenance  material 

1  '•  T"‘-  v  CALC' 

*1.  N  ’ 

1  ■  " 

DI  1  1  - 

1 

■’  ( 

1 

]  , 

’  a  | , i ,  i 

/j"  1  .  j  t  \  | 

♦ 

m  '  ' 

• 

1 

r '  •  (O'  h 

!  I  t' 1  •  i  :  r  i 

>  • 

1  !  •  i  'j-';'  /!,'•• 

u-f 

20  PCI  ■■  ••  i  i- 

1  ■ ,  .  ,  o  .  |  '-/:  ■■ 

.  I  ( M.  1 

3  0  I1'- i  '•  ' 

1  1  >  /  '  '  !•  .  !  ’  /  i  .  •  ■ 

I  -49 

ClJ°.  r  5  TM£)Y 
CA  ■  F  i'J  0  •  5  5  0 


G'lAUIMNF  NIT-AIT 


Basis 


Con,1-. .  Process;  1  hr.  reaction 
AN/U  =  1.5;  aqueous  workup 
U  Yld.  =  92.5%;  U  Conv.  =  60% 


KowonncT i (iv  r:oq i 


tLAV-T  CAPACITY  AO  .0  .«,«»)  i.  \ 

■  '  l. 

III 

n  it 

i 

Govt 

.1  i  5 

-nvi  ..  / 

[  - 

I..1  -i-'r 

-.  .  ^ 
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r.n P\v  r  C  Pi.vi  $> 

:  0  i  i'Lr:  Y  L 1  rt  I  F 

-  • 

4.26 

OFF  -  I  TF  A  Nil)  ALLOCATED  A"x. 

•  )  s 

.95 

TOTAL  OjA  -fr ) 

■  1 

i  i 

5.21 
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HFPoFC  I  AT  I  Giv 

!■,  .0  pi;r  j 

1 
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(1) 

- 
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*  ■ 

.33 
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.  -  >  i 
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.21 

CritelCAL  CONTRUL  A. 00  *Ki\J 
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.  1  iT 
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.09 
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/■ 
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0.5'!  1  ’  ■ 
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A :•..■■  0  \)  1 1  W  GAP RAXATF  .5000"  Ln/L.  < 
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• 
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— 1*£SL- 

1  iT  YEAR  PLANT  LIFE*  '  'I  'II.'-JG  5 
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COST  STUDY  -  GUANIDINE  Ml  IRATE 
CASE  N0.810 


Basis : 


*  PR  OBI  *C1  lev 


Basic  Case 

Cont.  Process 

AN/U/Cat.  =  2/2/1. 7 

U  Yld .  =  80%  U  Conv.  =  64.5% 

AN  Yld.  =  100%  AN  Conv.  =  32% 

’  By-Prod.  Credit  =  l<?/lb. 


FLA  NT  CAPACITY 


A 0.0  MM  LR/Y--7 

'  in  i  rs 


.  A 


/'■  ■  i 


*  *  '  v'  X  S  I  T  I.  W I  I  Y 
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LIVELY  CHA-MGh  Acctg 
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PROCESSING  COST  < CENTS /LO> 


a  ,  o  o 
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m 
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PEPilEC  I  A'l  I  Uiv 
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1  .30 

- 
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per  i 

i 
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.PS 

1  8P 

.26 
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/i .  0  0 

MEN 
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S’/.'.  A  ■ 

i-  Y’< 

.  i  a 

A  69 

.10 

SUPERVISION 
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1  ROOD  .0 

r  /  •  .i  - 

—  r 

.  i  p 
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.  12 
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•  TO 

rtTvH/LB 

1  .0 
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- 

VO 
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.20 

STEAM 

a.  on 

Ln  /LG 

7  5  .  0 

"  \"  /  ■ 

■ .  i 

.  SO 
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.30 

■"  A  TER 
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C  \  ••/  ■ 
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.10 
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<  ■  •„ 
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NTS/L'O 

UR  FA  1 

.Opi  (VI 

L-/L-! 
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"> 

1  P 

4 

.93 

AMMONIUM  NITRATE 

. AS AQO 

LU/LR 
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">■  O' 
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.64 

CATALYST 

.00 1 00 

LU/Lu 

1  SO  . 

.i,i  ■ 

'  /  ■ 

.  1  s 

3  H  3 
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TOTAL  ( CENTS /L»?) 

r  .  7 '  > 

6 

.72 

PLANT  OVERHEAD  CCENTS/L’) 

•  \7 

.27 

'iUTAL  TILL  COST  (  CENT 

S/I.O 

E  X  *:  Y  - 

P<  UpliC  i  f 

•  I  ' 

>o.i  •> 

8 

.50 

Pt- PRODUCT  CRFDI  1  (Cl- 

.VI  VLM 

) 
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L9/L-: 
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Price  0%  return  9.58£/lb 
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s'-:  ivC'«85>0 
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Basis:  Cont.  Process 

AN/U/Cat.  =  2/2/1, 1 


10  YEAH  PLANT  LIFE#  EX  I  FIING  SITE 
15  PCI  INDIRECT 

PERCENT  CHANGE  NEEDED  T<.  Acppci  PETUA 


Fringe 

Price  0%  return 


^50%  Is  maintenance  material 


U  Yld. 

=  80% 

U  Conv. 

=  64.5% 

AN  Yld. 

=  100% 

AM  Conv 

.  =  32% 

By-Prod 
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= 
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M  I  UN  COSTS 
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*H  C\  V  / 

i  -  [ .  r 

1 

LY  CAR  >] 

M  Asctg 

IN-MSTMFNl  (MM  S) 

AATTEi’Y  LIMIT 

O 

4.2.?. 
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n  Aiiy  . 

«  H  1 

1.00 

•  u  (  AL»  Ca  $ ) 

'  •  -  1 

5.22 

DiUCFSSING  COST  <CFwTS/LH) 

OF  P.-'EC  I  ATI  ON 

10.0  PUT 

1 
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- 

AND  PL 

c  .  0  PC  T 
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.33 
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.26 
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,.;a  t-k" 
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' "  ■  FA  1 

. o-jooo  LU/!.P 

A. 00  I) 

'•r/L 

4.93 
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1.64 
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TOTAL  C  CENTS /L'3) 
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/LA) 

>7 
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:,7L: .  )  -  i  ” 

ppfDUu  !  IS-  "  i  - 

i 

i  ‘  ’ 
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Ti'-r-oDUCT  Cr-  EDI T  <CF 

NT  S/LA  > 
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*  # .  •  i  • 5 

i  /L  ' 

1.20 

TOTAL  <  CENTS /LA) 

! 

’0 

U  o 
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PRODUCT  C-M>u 

C  )  ' 

J‘  • 

7.30 

l.se 

8.88$Ab 
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ajST  STUDY  -  GUANIDINE  *x*  X  THATF  Basis:  Conh .  Process 
mSF:  NC.K30  AN/U/Cat.  =  2/2/1. 7 

U  Yld.  =  80%  TJ  Conv.  =  64.5% 

AN  Yld.  =  100%  AN  Conv.  *•  32% 

By-Prod.  Credit  =  3C/lb. 

*proouc  now  CC<*T5 


PLANT  CAPACITY  40*0  Mv  LA/ Y A 

* 

‘•P\’S1  TI  VI  TY 

PCT 

Govt 

UNITS 

u  o  r  >-  /  ) 

1  V 
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CHANGE 

Acctg 

L  PC  PSTN  ENT  (MM  i> ) 
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1  •  >  1 0 

1.00 
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1  1 
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(1) 
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10.0 
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1.51 
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CATALYST  .00100  LB /LB 
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1  o.  so 

8.50  j 

iY-PROnilCT  CREDIT  (CFNTS/LB) 
AMMONIUM  CA  ‘.HAMATE  .60000  LB /LB 
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1  ■  A  T  >■ 
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AN/U/Cat.  *  2/2/1, 7 

U  Yld.  =  80%  U  Conv. 

=  64.5% 

AN  Yld.  =  100%  AN  Conv. 

=  32% 
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•  •  i  ■'  /  1 

.10 

•  *  / 

_ x!0_ 

*  ’ 

1.51 

•t-  A  IF-'  I  AL  COST  <<»TS/IP>) 

'»'•«  1  .•■‘S-V)"  L'l/L.o 

A.m'.UnIIUK  MI  TRATE  .6560"  fl/L" 
CATALYST  .00100  LA/LO 

TOTAL  ( CEMTS/Ll3) 


'■> .  •  .  /;.  . 

' •  a ■ '  1 . 

1  SO  .To  ■  i  />.••  .  1  • .  'i  /  ■' 

•i  .  "t, 


2.46 
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APPENDIX  II 


PHASE  III,  PART  I 

GUANIDINE  NITRATE  PILOT  PLANT  OPERATIONS 
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TABLE  II-l  (Continued) 


•actors;  Problems  With  Flow 
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v  Catasyst  ;  First  Oat  a  7/19,  Flow  to  AM  Reactors 


TABLE  II-2  (Continued) 


<Ni  ul  O 


•<»  {*) 


XH/<U  SOI  j jEfjpo.»j  -SiKd  (im  tp 
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TABLE  II-2  (Continued) 
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TABLE  II- 3 

SAMPLE  CALCULATIONS  FOR  DETERMINING  REACTOR  YIELD  AND  PRODUCTIVITY 


I  Step  by  Step 

Basis:  Moles  Nitrate  are  consumed. 


2  U  +  1  AN  =  1  GN  +  2  NH3  +  1  C02 

(For  every  mole  of  AN  consumed,  one  mole  of  guanidine 
nitrate  is  formed. ) 


Data:  Reactor  Steam  Pressure  =  225  psig 


Feed  Rate  -  90  lb/hr 


Analyses 

Feed 

% 

Lbs.  : 

Urea  25.8 

25.8  ’ 

Ammonium  Nitrate  63.3 

03.  3 

Guanidine  Nitrate  7.4 

7.  4 

Insolubles 

- 

Product 


Moles  ** 

(V 

/O 

Lbs .  * 

Moles 

'.4  30 

18.  0 

18.  9 

.282 

.701 

82.  4 

82.  4 

.  780 

.  0808 

18.  4 

18.  4 

.  151 

- 

0.  38 

0.  38 

.  00  3 

-  Arbitrarily  based  on  100  lbs.  of  total  material 

-  Calculated  moles  based  on  arbitrary  100  lbs.  material 


total  Moles  of  Nitrate  in  Feed/  100  lbs.  Feed  -  Mohrs  AN  *  Moles  GN 

0.8518 

Total  Moles  of  Nitrate  in  Produet/ 100  lbs.  Produet  -  0.031 

Moles  of  Urea  in  Feed  / Moles  «d  Nitrate  in  Feed  /Moles  Urea 
100  bs.  l-'eeT*  "  '  ’  ” 


/ 


U'l  ji-.s.  IN  ,-d 


Moles  Nitrate/  j.'eed 


.  8510 


Moles  Urea  in  Pr  dm  t  /  Moles  ot  To  al  Nit  rates  in  Produet  /Moles  Urea 

tiles  Nitron 


’00  lbs.  Produ  t 


100  !  bs .  Ur,,d iu  t 


f^y^)  ■  .  282  . 

\N  /V  .031 


.  FUN 


II- 


505 


Yoduet 


TABLE  II-3  (Continued) 


Similarily: 

fP  -■  •  0606  _  p  07  jo 

\  N  /feed  ,  8516  u-u'^ 

\N  /  Product 

-  •  151  *•  0.  162 
.  931 

(. amJn  _  o 

N  feed 

(  AM  \ 

\N  /Product 

=  • 003  =  0.0032 

.931 

During  the  Reaction,  then  - 

M  '  =  0.  505  -  0.303  =  0.202 

Product 


m\  =/um*\  -fYl1 

\  N  /  Vfi  7  Feed  \  N 

N  • 

=  “(^M)  =  0. 07 12  -  0.  162  =  -  0.091 

\  N  J  \  N  J Feed  \  N  /  Product 

Or  a  loss  of  0. 202  moles  urea  per  nitrate  mole  and  a  gain  of  0.  091  moles 
GN  per  nitrate  mole. 


Feed  Mole  Ratio 


/anm\ 

\UM  J  p 


0.  791/0/130  -  1.  84 


eed 


Yield 


Basis:  2  U  +  1  AN  1  GN  +  2  NHS  *  i  cOo 
or  2  moles  U  consumed  per  mole  of  GN  made. 

Yield  -  Moles  GN  made 


Moles  U  consumed/ 2 
C 

U  M 


x  100 


^  x  200  ^ 


X  200 


Yield  -  0.091 

0.  202 


x  200  89.9",:, 


Product  wit’ 


Productivity/lb.  Fe 


:  lbs.  GN  Made/ 11).  Feed 

-/Moles  GN  Made  x  Moles  Ni  trate  in  Feed  xM.  \V 


Moles  Total  NilraO 


100  lbs.  'Me  l 


GN 
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TABLE  II-3  (Continued) 


Productivity /lb.  Feed  -  LGNt^  x  Nj,'e(?tj  x  j  22  = 

N  100 

0.  091  x  0.  8510  x  1.  22 

Productivity /lb.  Feed  =  Lbs.  GN  Made/ I.b.  Feed  -  0,0945 
Plant  Productivity 

Plant  Productivity  =  Lbs.  GN  Made/Hour 

-  Lbs.  GN  Made  x  Lbs.  Feed  /  Hr. 

I  .b .  Feed 

=  0.  094  5  x  90  lbs. /hr. 

Plant  Productivity  =  8.  5  lbs,  /hr. _ 

Insolubles  Formation 

Insolubles  Productivity  -  A  AM  x  ^Keed  x  !M.  W.  X  Feed  Hate 

N  100  lbs.  Food 

-  0.0022  x  0.  85 Iti  x  1.  28  x  90  lb/hr 

0.2  14  lbs /hr. 

Productivity  Insolubles /Guanidine  Nitrate  0.  .".14/3.5  0.037 


II-2o 


TABLE  II~3  (Continued) 


Alternative  Calculation  Procedure 


Nomenclature 


X] 

"to‘fco-1  uj  e.  1 2  H  t 

X;j 

coei^^'t  'Cv'o.  e  "t  i  bv\ 

rv,  o  \«S 

l 

\  &  -(ltd.  2.  -  1 1  aoid  out  put. 

CiMPo  vwD 


1 

&N 

An 

\a  x. 

@o 

JfJSouugt£S 

JfOKUtKO  tJ 


+  ~  'Utli  V  iLli 


li  I  x,  s  7^,  + 
iwuj  „  tfw\  ri*>v  ] 


5.  X\  =  P  Vt- 

^  __  'Xu  v  V-iv _ 1_ 

Yield.  -  -^00  (^u-¥i.  g>)/p1w>  _ 

^  *X»  •»,  -  '"V-  V3  ^3  ")  / u>  ^ 


_  %n  +  <-525~ 

X  x»  I  •  ^  Z  5  "%  x  i 

-  ^8.31,  (Xn-Xn  ft) 
'X-i-v  'Xu  3 


'fO  ploDOtTlVUTX"  RfVrt  “  -  -v.x»  (2^  V, 

^N^ouvBtt  foftMAnooJ  ?An:  ”=■  'X-XH-  A  X, 

S  Ot-uflLfl  PfLoOot-T  'Pt^Tlo  s  ~  T  “  '  v 


Xx-W _ 

X»i  +•  X  Si 


(  %,*  =  o') 
Cxc.H  t0) 


11-27 


TABLE  II-3  (Continued) 
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APPENDIX  III 


PHASE  III,  PART  2 

RESOLUTION  OF  CATALYST  POISONING  PROBLEM 


DETAILED  DATA  FOR  HOUDRY  BEAD  ACTIVITY  AND 
SORBEAD®  STIRRED  BATCH  EX  PERIMENTS 


DETAILED  DATA  FOR  GRACE  59  SILICA  GEL 


TABLE  I II- 3 


LABORATORY  BEAKER  TESTS 


Run  H  -  X2 12 1-30-1 


Procedure  *  Added  10- If)  grains  dry  '•  si  lieu  gei  (Grade  grade  59)  to 
275  grams  of  molten  AN/U  at.  300°K.  (2/1  AN/U  mole  ratio) 

-  Hand  stirred  for  U-n  minutci; 

*  Allowed  catalyst  to  settle 

-  Poured  off  melt 

-  Spread  wet  silica  gel  on  paper  towel. 

*  -  (Dried  at  IOSPf  overnight) 

Observations  - 

-  Bubbling  on  !'irst  contact  presumably  due  to  venting 
of  entrained  air. 

-  Wet  silica  gel  on  paper  towel  was  very  soft.  It 
fractured  with  the  slightest  tout'd. 

-  Estimated  attrition  was  5-10%. 

Run  #2  -  X2 12  1-37-1 

Procedure  -  Same  as  X2121-3G-1  except  melt  contained  5%  liquid  water. 

Observations  -  Same  as  Run  // 1  but  with  a  higher  percentage  of  attrition 

(10-20%). 

Run  #3  -  X2 12  1-37-2 


Procedure  -  Dropped  dry  silica  gel  (Grace  grade  59)  into  boiling  water 
(212«F). 

-  Stirred  for  ten  minutes 

-  Allowed  catalyst  to  settle 

-  Poured  off  water 

-  Spread  wet  silica  gel  on  paper  towel. 

Observations  - 

-  Bubbling  on  first  contact  presumably  due  to  venting  of 
entrained  air. 

-  Wet  silica  gel  was  softer  than  the  dry  silica  gel  but  much 
harder  than  recovered  c  atalyst  from  Runs  #1  and  #2. 

-  Estimated  attrition  was  less  (  5%  )  than  in  the  two 
previous  runs. 


1 1 1  -  3 
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TABLE  III- 3  (Continued) 


Run  #4  -  X2121-38-1 

Procedure  -  Dropped  dry  Houdrv  beads  into  a  melt  of  AN/U  as  in 
Run  #1. 


Observations  - 

-  Houdry  beads  floated  on  top  of  the  melt  for  about  five 
minutes  before  sinking.  After  sinking,  the  beads  con¬ 
tinued  to  release  vented  air  for  an  additional  5-10 
minutes. 

-  Recovered  beads  appeared  to  be  harder  than  the  original 
beads.  There  was  no  apparent  catalyst  attrition. 

Run  #5  -  X2121-39-1 


Procedure  -  Same  as  Run  HI  but  using  preheated  silica  gel  (350-400°F) 
Observations  -  Same  conclusions  as  not(  d  for  Run  #3. 
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This  is  a  final  summary  report  on  the  work  completed  during  Phases  I 
through  III  of  the  Hazards  Evaluation  and  Risk  Control  on  the  Kenvil  pilot 
plant  for  the  productio  i  of  guanidine  nitrate  via  the  Boatwright-McKay - 
Roberts  (BMR)  process. 


Objectives 
Phase  I 

.  » 

1.  Assure  safety  of  bench  scale  operations. 

2.  Secure  basic  sensitivity  data  (initiation,  transition,  propagation) 
for  pilot  plant  design, for  engineering  analysis  anc  pilot  plant  Fault  Tree 
Analysis . 


3.  Construct  preliminary  Logic  Model  (Fault  Tree)  of  the  pilot  plant. 

4.  Coordinate  safety  data  vith  engineering  design. 


Phase  II 

1.  Perform  a  preliminary  engineering  analysis  on  equipment  chosen  for 
pilot  plant  operation  with  regard  to  potential  hazards  and  safety  margin. 

2.  Determine  transition  capability  of  the  reactor  mixture  in  a  4  inch 
by  12  foot  reaction  tube. 

3.  Refine  logic  model  for  simulation. 


Phase  III 

1.  Final  engineering  analysis  of  selected  pilot  plant  equipment. 

2.  Perform  a  risk  analysis  of  the  pilot  plant  operation  and  conduct 
trade-off  design  modifications  should  an  unacceptable  risk  be  encountered. 


Summary  and  Conclusions 

Data  from  sensitivity  tescs  indicate  that  materials  in  the  pilot  plant 
process  are  relatively  insensitive  to  impact,  friction,  ESD  and  thermal 
stimuli. 


It  has  been  determined  that  no  material  in  the  pilot  plant  equipment 
will  transit  from  burning  to  explosion.  In  other  words,  the  pilot  plant 
system  is  not  capable  of  acting  as  an  explosive  shock  donor  to  process 
materials . 
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Two  materials  (reaction  mixture  and  guanidine  nitrate)  will  propagate 
an  explosive  reaction  if  sufficiently  boostered.  The  critical  diameter 
for  each  is  less  than  one  inch.  Other  materials  in  the  pilot  plant  will 
not  sustain  an  explosive  reaction  in  the  one  inch  interconnecting  pipelines. 

A  detailed  engineering  analysis  of  selected  pilot  plant  equipment  for 
possible  nazards  and  safety  margins  has  shown  r.o  hazards  for  normal  operating 
conditions.  Abnormal  occurrences;  such  as,  metal/metal  contact  between 
impellers  and  pump  cases  or  mix  blades  and  tanks  would  cause  initiation. 
However,  tnnsition  data  show  that  only  a  fire  would  result. 

Computer  simulation  of  the  logic  model  (Fault  Tree)  yielded  152  potential 
initiation  modes,  21  of  which  were  considered  to  be  critical  or  most  probable 
of  occurring.  The  simulation  was  performed  over  800  hours  of  operation  with 
no  maintenance  or  repair  and  resulted  in  a  probability  of  initiation  of  4.0  x 
10*3  or  a  corresponding  probability  of  no  initiation  oi  0..  9953.  Tuis  is  an 
acceptable  risk  (initiation  only)  since  the  losses  due  to  initiation  during 
operation  of  the  pilot  plant  would  be  minimal  when  compared  to  the  cost  of 
reducing  the  probability  of  initiation  bv  (1)  scheduled  maintenance,  (2) 
replacement  of  designated  equipment  on  a  regular  basis,  or  (3)  redesign  of 
equipment.  However,  if  the  presently  designed  pilot  plant  were  to  be  scaled 
up  to  a  production  plant  operating  over  a  span  of  years  where  any  downtime  or 
interruption  of  the  process  would  have  a  significant  effect  on  the  safety, 
cost  and  productivity  of  the  facility,  a  recommendation  for  scheduled  main¬ 
tenance,  repair  or  redesign  might  be  warranted. 


DI SCUSS10N 


Material  Sensitivity 


Initiation  testing  of  materials  was  completed  during  Phases  1  and  II  of 
this  contract.  These  tests  consisted  of  sub  icctiin*  in-provss  materials  to 
impact,  friction  and  USD  (elegt  reseat ic  discharge)  stimuli  .ml  obtaining 
threshold  initiation  lev*,  1  '  :  I1L’ s)  for  each  miter..  1 .  Results  oi  ::ie  tests 

are  summarized  in  Tible  1.  \n  •'  neneer  ion  oi  T  .*  1  I  so.".;,  that  the  material,', 
in  the  BMR  process  ana  soi.  cted  combinations  are  relatively  insensi t ’ ”o. 

Many  ot  the  samples  tested  could  not  he  ini  t i  it  ed  at  the  limits  o  t  the 
Standard  test  machines  and  are  so  indicated  when  a  greater  than  or  equal 
sign  (r>)  precedes  a  data  point .  For  impact ,  the  failure  to  initiate  a  sample 
by  dropping  a  2  kg  weight  from  a  hei  hr  of  12J  c:n  (over  a  known  impact  area) 
is  the  limit  of  the  impact  machine.  The  enor  -y  input  is  calibrated  periodic  1 1  1  v . 


(1) 


Level  above  whiih  initiation  can  occur  as 
failures  at  that  level. 


a  result  oi  20  consecutive 
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A  friction  TIL  value  was  obtained  for  AN/GN/U  =  45/40/15,  all  others 
exceeded  the  limits  of  the  test.  The  maximum  pressures  tested  at  a  given 
velocity  (1  inch  slide  distance)  are  in  Table  I. 

The  TIL  values  for  ESD  ranged  from  0.075  to  1.26  joules,  a  spread  of 
only  two  test  levels,  and  are  considered  to  be  high.  They  are  above  the 
energy  region  that  could  be  available  from  a  human  being  (0.013  joules  max). 

In  all  sensitivity  testing,  the  Model  300  Lira  Analyzer  was  used  to 
determine  if  initiation  occurred.  The  Lira  is  a  precision  instrument  that 
analyzes  selected  components  of  a  gas  mixture  to  determine  their  presence 
and  concentration.  The  Lira  analyzes  a  sample  gas  by  comparing  its  infrared 
absorption  characteristics  with  the  constant  infrared  absorption  character¬ 
istics  of  a  known  gas.  The  Model  300  is  modified  to  operate  as  a  detector 
of  the  decomposition  gases  CO,  CO2 ,  NC>2  and  NO.  Therefore,  initiation  does 
not  necessarily  mean  that  a  flash  fire  or  smoke  (visual  indication)  will 
result,  but  rather  that  some  decomposition  occurs  which  produces  gaseous 
products  detected  by  the  Lira.  This  is  a  much  more  critical  definition  of 
initiation. 

Results  of  the  Differential  Scanning  Calorimeter  tests  are  shown  in 
Table  11.  Relatively  high  temperatures  (266  to  295°C)  had  to  be  reached 
before  any  exothermic  reaction  occurred. 

All  samples  (except  the  pure  ingredients)  subjected  to  the  various 
initiation  sources  were  stoichiometric  mixtures  (balanced  to  C02»  H2O,  N2) 
that  represent  the  "worst  case"  conditions  that  could  occur  in  the  process. 


Transition  Testing 

Transition  tests  were  performed  to  determine  the  effect  of  initiation 
on  the  ability  of  a  material  to  transit  from  flame  initiation  to  an  explo¬ 
sive  reaction  in  terms  of  material  height  under  specific  environmental 
conditions . 

Critical  height  (transition)  test  results  are  shown  in  Table  III.  Tests 
on  the  reactor  mixture  were  performed  at  both  ABL  and  Kenvil.  Initial  tests 
were  run  in  containers  smaller  than  pilo;  plant  reactor  tubes  with  the 
Intent  of  extrapolating  data  to  determine  if  the  reactors  would  transit  to 
an  explosion  if  the  material  was  initiated.  However,  no  reaction  occurred 
in  a  1"  x  48"  container.  Therefore,  a  2"  x  12'  test  was  performed  at  the 
Kenvil  Plant  in  which  no  explosive  reaction  occurred.  Since  material  height 
required  for  explosion  to  occur  increases  as  the  diameter  increases,  it  was 
concluded  from  the  Kenvil  tests  chat  an  explosive  reaction  would  not  occur 
in  the  4"  x  12'  pilot  plant  reactors  if  initiation  occurred. 
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Transition  tests  we'"’  also  performed  on  guanidine  nitrate  and  no 
explosive  reaction  occur  in  a  1"  x  24"  container.  Again  after  con¬ 
sidering  pilot  plant  eq  it  dimensions,  it  was  concluded  that  no 

transition  hazard  exist  .  pilot  plant  equipment  handling  guanidine 
nitrate. 


Propa«,,'tior.  T- 


Propagation  tests  d e t  ine  the  explosive  propagation  characteristics 

of  a  material  in  terms  of  t  erial  diameter  when  subjected  to  a  shock 

stimuli.  Results  of  thes  sts  are  shown  in  Table  HI.  The  results  show 

that  guanidine  nitrate  ar,  e  material  in  the  reactors  will  propagate  an 

explosive  reaction,  since  a  of  their  critical  diameters  are  less  than 

one  inch.  However,  it  tri  e  remembered  that  the  transition  tests  demon¬ 
strated  that  these  mater  under  the  pilot  plant  conditions,  would  not 

transit  to  an  explosion.  a  other  words,  the  pilot  p?*ant  process  materials 
are  not  capable  of  supplyiig  a  shock  stimuls  for  propagation  to  occur. 


Propagation  tests  performed  on  other  samples  show’  that  no  propagation 
will  occur  in  the  one  inch  piping  used  in  the  pilot  plant. 


Dust  Explosibility 


Dust  explosibility  tests  were  performed  in  an  effort  to  determine  the 
minimum  concentration  and  minimum  energy  required  to  initiate  guanidine 
nitrate  in  a  dusty  atmosphere.  The  guanidine  nitrate  was  screened  to  <  53 
micron  and  two  different  sources  of  initiation  were  used.  Initially  a 
continuous  sparking  electrode  was  attempted,  however,  no  initiation  of  a 
GN/air  dust  cloud  could  be  obtained.  The  test  was  rerun  using  fibrous 
nitrocellulose  as  an  ignition  source  which  is  a  more  violent  source  of 
initiation  than  the  sparking  electrodes.  In  both  cases,  the  guanidine 
nitrate  dust/air  mixture  could  not  be  initiated  at  the  standard  test  limits 
of  the  machine  (4.1  oz/ft-*). 


A  possible  explanation  of  this  unexpected  result  can  be  obtained  by 
an  interpretation  of  the  DSC  data  and  applying  it  to  .a  dust  cloud  ignition 
sequence.  In  order  for  a  dust  cloud  to  ignite  and  sustain  ignition,  dust 
particle(s)  must  be  raised  to  their  ignition  tem.n  rn  tiure  and  the  heat 
released  by  their  ignition  must  be  sufficient  to  ignice  adjacent  particles 
and  thus  result  in  a  sustained  reaction.  From  the  DSC  trace,  IN’  nelts  in 
the  range  of  210  to  220°C  while  absorbing  30-35  cal/gim.  An  exotherm  occurs 
in  the  range  of  285-316°C  liberating  90-120  cal/rm.  ‘(By  comparison,  RDX 


and  nitroglycerin  burn  and  liberate  about  1200-1500  c.ul/gn 
therm).  The  amount  of  heat  released  is  enough  to  raisre  the 
ture  an  additional  100°C  or  to  approximately  385  to  4'i5°C. 
ignition  temperature  ranges  from  390°C  (ABL  data)  to  8u0°C. 


:  first  exo- 
:empe  ra- 

dust  cloud 


it  could  be  reasoned  the  ignition  of  GN  dust  particle?-  does  not  result  in 


the  liberation  or  enough  heu  to  ignite  adjacent  dust  particles  to  sustain 


ignition  in  the  dust  cloud. 
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Based  on  the  inability  to  ig  lite  or  sustain  ignition  of  a  GN  dust  cloud 
up  to  the  concentration  limits  of  test  apparatus  (4.1  oz/ft^),  it  was  con¬ 
cluded  that  no  dust  explosion  hazard  existed. 


Shipping  and  Storage  Classification  Testing 

Testing  in  accordance  with  TB-700-2  was  conducted  on  guanidine  nitrate 
by  ABL.  The  data  from  these  tests  are  shown  on  Table  IV.  The  government 
has  used  a  combination  of  these  data  and  its  own  in-house  data  to  tentatively 
classify  guanidine  nitrate  (less  than  25%  water  wet)  as  Class  7  for  storage 
and  as  an  oxidizing  agent  for  shipping. 


Hazard  Evaluations 


The  engineering  analysis  performed  on  selected  equipment  was  performed 
from  equipment  drawings,  specification  and  maximum  operating  parameters 
furnished  by  Kenvil  and  the  Research  Center.  Since  no  on-site  measurements 
(i.e. ,  forces,  pressures,  and  velocities)  were  made,  tensile  strengths  or 
yield  points  of  materials  involved^'^)  were  used  to  obtain  safety  margins. 
In  general,  the  safety  margins  found  on  equipment  are  representative  of 
"worst  case"  condition,  so  the  analysis  would  be  conservative  from  a  safety 
point  if  view. 

In  the  process  where  equipment  handles  a  water  slurry,  the  analysis 
was  based  on  water-free  material  response  data,  since  testing  was  not  done 
with  water  slurries.  The  use  of  water-free  material  values  would  render 
conservative  results,  since  the  water  would  most  likely  act  as  an  extin¬ 
guisher  for  any  initiation.  This  type  of  an  analysis,  using  water-free 
sensitivity  data,  would  apply  to  start-up  or  shut-down  modes  of  operation 
or  a  process  "upset  condition"  in  which  a  sufficient  amount  of  water  would 
not  be  present. 

Some  of  the  items  in  the  process  were  not  analyzed.  The  densitometer 
and  evaporator  had  no  mechanical  or  moving  parts.  The  pump  in  the  cooling 
sy3tem  of  the  crystallizer  was  not  analyzed  since  it  will  pump  water  con¬ 
taining  only  a  small  amount  of  ammonium  nitrate  (0.  1%  of  AN).  Finally, 
the  level  controllers  were  not  analyzed,  since  they  had  low  velocity  move¬ 
ment  (—0.06  ft/sec). 

A  hazards  evaluation  was  performed  on  pumps,  mixers,  reactors,  valves, 
centrifuges,  a  crystallizer  and  a  dryer  in  which  in-process  potentials  and 
mateiiai  response  data  (expressed  in  similar  engineering  terms)  were  compared 
to  obtain  quantitative  safetv  margins  for  normal  and  abnormal  conditions. 

As  an  example,  a  3450  rpm  centrifugal  pump  with  a  carbon/ceramic  mechanical 
se»l  was  selected  to  pump  material  to  the  crystallizer.  Ti  —  velocity  of  the 
rotating  seal  parts  was  calculated  to  be  16.9  ft/sec  with  a  normal  pressure 
of  30  psi  (manufacturer's  specification)  and  an  abnormal  pressure  of  —8000 
psi  (yield  point  cf  carbon).  Figure  :  shows  a  friction  profile  of  the 
material  being  pumped  (less  water).  By  a  straight  line  ext  rape  la l ion .  no 
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positive  safety  margin  is  realized  at  16.9  ft/sec.  The  straight  line  extrapo¬ 
lation  is  conservative  since  friction  profile  curves  take  an  asymptotic  form. 

To  obtain  a  positive  safety  factor,  a  data  point  at  17  ft/sec  would  have  to  be 
obtained  or  the  pump  speed  reduced  by  reducing  the  rpm  rating.  Since  teetine 
above  1C  ft/sec  would  result  in  damage  to  the  friction  machine,  it  was  recom¬ 
mended  that  a  oump  with  a  reduced  rpm  be  used.  Such  a  change  did  not  adversely 
affect  the  pilot  plant  operation  and  a  1750  rpm  centrifugal  pump  with  a  teflon 
pack  gland  was  selected.  The  in-process  potential  for  the  pump  was  24  psi 
(normal)  to  ~  5,000  psi  (abnormal)  at  a  velocity  of  8.6  ft/sec.  By  referring 
to  Figure  1,  material  response  at  8.6  ft/sec  is  ~  43,000  psi.  By  comparing 
the  in-process  potential  to  the  material  response  data  safety  margins  of 
8.6  to  1797  are  realized. 

A  similar  analysis  has  been  completed  on  designated  pilot  plant  equipment. 
A  detailed  discussion  with  summary  tables  of  all  engineering  analysis  has  been 
previously  reported. v4-6)  in  general,  all  normal  and  some  abnormal  operations 
have  adequate  safety  margins.  Abnormal  occurrences  such  as  impellers  or  mix 
blades  breaking  and  hitting  metal  parts  would  cause  initiation  (no  safety 
margin),  but  as  discussed  in  the  risk  analysis  of  this  report,  such  events 
have  probabilities  5  x  10"4  to  5  x  10"^  of  occurring  over  the  time  of  pilot 
plant  operation. 


Logic  Model  (Fault  Tree) 

The  logic  model  is  a  concise  and  orderly  description  of  various  combina¬ 
tions  of  events  that  can  lead  to  a  predefined  "undcsiced"  event.  The  logic 
model  is  presented  in  a  diagram  or  blueprint  form  and  results  in  an  engineering 
capability  to  identify  and  evaluate  the  overall  effect  of  component  failure, 
controls  or  human  actions  on  the  system. 

To  understand  and  follow  the  logic  model,  a  basic  knowledge  of  the  symbols 
used  is  required.  A  list  of  the  symbols  used  and  their  meaning  is  illustrated 
in  Table  V.  The  use  of  transfer  symbols  (triangles)  deserves  some  comment 
since  they  are  used  in  two  ways:  (i)  for  transferring  a  section  of  the  model 
that  has  been  previously  developed  under  identical  circumstances  from  another 
section,  and  (2)  transfer  similar  log i c  from  one  piece  of  equipment  that 
applied  to  another  piece  of  equipment.  Use  of  transfers  in  this  second 
method  means  that  only  the  logic  or  events  are  the  but  probabilities 

of  Che  events  may  be  different  since  it  is  a  different  piece  of  equipment 
handling  different  materials. 

The  uses  of  transfer  symbols  may  ut  best  explained  by  using  an  example 
for  each  of  the  wavs  they  are  employed.  On  page  A-&  of  the  logic  model,  an 

init  iatiors.  "Impel  ler  hits  tank  wall"  is  developed, 
symbol  ~~2 C\  is  shown.  On  the  same  -age  for 
the  same  event  in  the  sate  tank  "Impeller  hits 
the  event  was  already  developed,  it  is  transferred 


event  for  possible  friction 
Under  this  event  a  transfer 
possible  impact  initiation, 
tank  wall"  is  shown, 
by  use  of  the  symbol 


tii.mmywwir1*.'*  wki  tmrMstymim 
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On  page  A-S,  another  event  "Impeller  hits  tank  wall1’  is  shown.  The 
logic  to  develop  this  event  is  the  same  as  that  on  page  A-4,  but  applies 
to  a  different  mixer.  Therefore,  a  transfer  \2y  is  used  to  show 
such  a  transfer.  Table  VI  lists  all  transfer  useo  and  their  origination 
point  in  the  logic  model. 


Risk  Analysis  for  Guanidine  Nitrate  Pilot  Plant 


The  logic  model  constructed  in  support  of  this  analysis  yielded  a  total 
of  152  potential  failure  modes.  Of  these,  only  21  of  the  modes  were  con¬ 
sidered  to  be  significant  or  critical.  These  failure  modes  would  result  in, 
at  most,  initiation  and  not  transition  to  explosion. 

These  failure  modes  and  their  respective  probabilities  of  occurrence 
are  given  in  Table  VII.  The  basic  failure  modes  are  impeller,  shaft,  and/ 
or  alignment.  As  noted,  the  probabilities  of  failure  are  not  the  same 
throughout  Table  VII.  These  differences  arise  from  a  careful  engineering 
analysis  of  the  potential  failure  modes  and  the  utilization  of  known  failure 
rates.  Also,  the  probability  is  calculated  such  that  800  hours  of  continuous 
operation  have  been  assumed. 

The  probability  of  initiation  then  becomes  the  product  of  the  probability 
of  failure,  times  the  proportion  of  operating  time  the  failure  rate  applies, 
times  the  material  response  probability.  For  example,  the  impeller,  shaft 
and  shaft  packing  for  the  Goulds  Pump  (mixing  system)  had  a  combined  failure 
rate  of  seven  per  million  operating  hours  (7»10“t5).  Thus,  after  800  hours, 
the  probability  of  failure  becomes  /‘IQ-0  times  800  or  5.6*10"^  as  given  in 
Table  VII.  Multiplying  this  probability  of  5.6*10“^  times  the  proportion 
of  operating  time  it  applies, times  material  response  probability  gives  an 
overall  probability  of  initiation,  or  5.6*10"^  times  1.0  times  0.96  or 
5.6*10“^  as  given  in  the  last  column  of  Table  VII.  The  other  probabilities 
of  Table  VTI  were  derived  in  a  like  manner.  Thus,  Table  VII  gives  the 
probability  of  initiation  for  each  failure  mode  plus  the  overall  probability 
for  the  pilot  plant,  which  is  4.6  x  10“3.  It  must  be  emphasized  that  this 
probability  assumed  800  hours  at  continuous  operation  without  repairs  or 
maintenance.  Any  such  action  within  the  800  hours  would  tend  to  reduce  this 
probability  to  a  much  smaller  quantity. 

It  has  been  shown  that  n;  transition  is  possible  for  guanidine  nitrate 
material.  Thus,  the  maximum  expected  losses  to  be  experienced  are  those 
related  to  a  localized  initiation. 

The  question  immediately  arises,  are  there  cost  advantages  to  having  a 
preventative  maintenance  program  to  reduce  the  potential  of  initiation?  The 
answer  to  the  posed  question  lies  in  a  trade-off  study  between  the  cost  of 
such  a  program  versus  the  expected  loss  should  initiation  occur. 
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Expected  Loss 

As  Indicated,  if  initiation  occurs,  it  remains  local  as  no  transition 
to  an  explosion  is  possible.  Thus,  the  expected  loss  becomes  the  product 
of  the  probability  of  initiation  times  the  sum  of  the  following  cost: 

(1)  Pump  or  equipment  replacement  cost. 

(2)  Labor  necessary  to  replace  the  pump,  and  clean-up  from 
the  deluge  system. 

(3)  Production  losses  while  the  equipment  is  being  replaced. 

For  the  pilot  plant,  a  liberal  estimate  of  total  cojt  to  be  incurred,  if 
initiation  arises,  is  $5,000.  This  times  the  probability  of  initiation 
anywhere  in  the  pilot  plant  gives  an  expected  loss  of  5-10^  x  4.6" 10”^  or 
approximately  $25.  It  must  be  pointed  out  however,  that  if  initiation 
were  to  occur,  then  the  minimum  loss  ($5,000)  would  be  experienced.  The 
"expected  loss  concept"  is  a  well  recognized  means  at  normalizing  cost  data 
in  a  risk  analysis  study. 

With  the  minimal  expected  loss  of  $25,  any  preventative  maintenance 
cost  would  far  exceed  the  estimated  loss.  Thus,  the  answer  to  the  question, 
is  there  a  cost  advantage  to  a  preventative  maintenance  program  is  obviously, 
no.  Therefore,  over  the  operating  interval  of  800  hours,  no  preventative 
maintenance  program  < s  recommended  or  warranted.  Again,  this  conclusion 
arises,  primarily,  from  the  lack  of  potential  for  transition. 
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TABLE  I 


*  ft-lbs/sec 

**  Level  above  which  Initiation  can  occur  as  a  result  of  20  consecutive  failures  at  that  level 


IABLE  II 

DIFFERENTIAL  SCANNING  CALORIMETER  (DSC)  TEST  RESULTS 


AN/U 

1/1 


Heaeing  Rate 
(°C/min') 

20 

40 

80 


Endotherm  at  240°C 


AN/U/Sil  Gel 

2/2/1. 7 


Heating  Rate 
-  (°C/min) 

20 

40 

60 


ExotHorwi  Bppjan 

266°C 

276°C 

295°C 


Peak  Value 

280°C 

290°C 

320°C 


GN 


Heating  Rate 
(°C/tnln> 

5 

10 

20 


Exotherm  Began 
•  «» 

285°C 

292°C 


Peak  Value 

307°C 
3 16°C 


(1)  Performed  at  ABL 

(2)  Performed  at  Kenvil  Plant 


TABLE  IV 


HAZARD  CLASSIFICATION  TESTS 
FOR  GUANIDINE  NITRATE 

BY 

TB  700-2  CRITERIA 


Test 


Result 


Detonation  Test 
(No.  8  Blasting  Cap) 


No  deformation  of  pressure  plate 
or  cylinder 


Ignition  and  Unconfined 
Burning  Test 

Thermal  Stability  Test 

Card  Gap  Test 

Impact  Sensitivity  Test 


Burning  reaction  only 

No  color  or  visible  change  in 
48  hours  at  75°C 

Failure  at  zero  cards 

No  ignition  at  47.3  inches  (120  cm) 
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TABLE  V 

GLOSSARY  OF  SYMBOLS  COMMONLY  EMPLOYED- 
ON  FAULT  TREE  DRAWINGS 


Event  Representation 


Rectangle 


The  rectangle  identifies  an  event  that 
results  from  the  combination  of  fault 
or  hazard  events  through  the  input 
logic  gate. 


Diamond 


The  diamond  describes  a  fault  or  hazard 
that  is  basic  in  a  given  fault  tree,  but 
undeveloped  at  this  level.  The  reasons 
for  it  being  undeveloped  are,  necessary 
information  not  available,  insufficient 
consequence  or  Hmited  scope  of  analysis. 


House 


The  house  indicates  an  event  that  is 
normally  expected  to  occur. 


Circle) 


Output 

Gate 

Stt 

Inputs 


The  circle  describes  a  basic  fault  event 
that  requires  no  further  development. 


Loeic  Operations 


"And  Gate"  describes  the  logical  operation 
whereby  the  coexistence  of  all  input  events 
is  required  to  produce  the  output  event. 
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TABLE  V  (CONTINUED) 


Output 


Input 


Output 


'Jr  Gate"  defines  the  situation  whereby 
the  output  event  will  exist  if  one  or 
more  of  the  input  events  exist. 


.  » 

Inhibit  gates  describe  a  casual  relation¬ 
ship  between  one  fault  and  another.  The 
input  event  directly  produces  the  output 
event  if  the  indicated  condition  is 
satisfied. 


Triangles 


The  triangles  are  used  as  transfer  symbols. 
A  line  from  the  apex  of  the  triangle 
indicates  a  "transfer  in"  and  a  line  from 
the  side  denotes  a  "transfer  out." 


Similarity  transfer  .  t  d,  iotes  the  transfer 
of  1 o S i c  on  1 v  from  another  part  of  the  tree. 
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TABLE  VI 

ORIGINATION  POINT  FOR  TRANSFER  SYMBOLS  IN  THE  LOGIC  MODEL 


Transfer 

Origination 
(page)  ... 

Trans  fer 

Origination 
_  (page) 

1A 

A-2 

4F 

A-10 

IB 

A-2 

4G 

A-9 

1C 

A-2 

5A 

A- 11 

ID 

A-2 

.  » 

5C 

A-ll 

2A 

A-4 

5D 

A-ll 

2B 

A-4 

5E 

A-ll 

2C 

A-4 

5F 

A-12 

2D 

A- 5 

6A 

A-13 

2F 

A-5 

6B 

A-14 

2G 

A-5 

6C 

A-15 

2H 

A-3 

6D 

A-15 

2J 

A-3 

6E 

A-13 

2K 

A-3 

6F 

A-15 

2L 

A-3 

7A 

A-16 

2M 

A-3 

7B 

A-16 

3A 

A-6 

7C 

A-17 

3B 

A-7 

7D 

A-17 

3C 

A-7 

7E 

A-18 

3D 

A-6 

7F 

A-18 

3E 

A-6 

7G 

A-17 

3F 

A-7 

7H 

A-18 

3H 

A-7 

8A 

A-20 

3J 

A-7 

8B 

A-20 

3K 

A-7 

8C 

A-20 

4A 

A-9 

8D 

A-20 

4B 

A-8 

9A 

A-19 

4C 

A-10 

9B 

A-19 

4D 

A-10 

SC 

A-19 

4E 

A-10 
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LITERATURE  SEARCH 

RELATED  TO  PRODUCTION  OF  GUANIDINE  NITRATE  FROM  UREA 


by  John  T.  Hays 
Hercules  Research  Center 


Introduction 

Work  in  progress  at  Hercules  Kenvil  Plant  and  the  Research  Center 
on  production  of  guanidine  nitrate  from  urea  led  to  a  request  for 
a  literature  search  on  this  general  subject.  The  objectives  of 
this  search  were:  to  make  certain  that  recent  literature  on  the 
basic  process  has  been  covered,  and  to  develop  information  relative 
to  production  of  by-products  and  their  possible  effects  on  catalyst 
performance.  Chemical  Abstracts  was  thoroughly  checked  from  1956 
through  October  16,  1972  and  in  some  areas  from  1947.  The  information 
is  divided  into  four  general  categories:  (1)  Production  of  guanidine 
nitrate  from  urea.  (2)  Reactions  of  urea  at  temperatures  from  10Q°C. 
to  200°C.  This  subject  is  of  interest  in  connection  with  formation 
of  by-products  in  the  urea-ammonium  nitrate  feed,  which  is  held  at 
about  110°C .  for  extended  periods,  and  in  connection  with  formucion 
of  by-products  under  the  reaction  conditions  for  production  of 
guanidine  nitrate.  (3)  Formation  of  melamine  fropi  urea.  This 
subject  is  of  interest  because  it  has  been  an  active  area  of  research 
in  recent  years  and  because  it  represents  an  extension  of  the  type 
of  catalytic  reaction  involved  in  production  of  guanidine  nitrate. 

(4)  Silica-nhosphate  reactions.  This  subject  is  of  interest  because 
of  the  indications  from  Hercules  work  that  the  dianmonium  phosphate 
used  commercially  to  stabilize  prilled  ammonium  nitrate  decreases 
the  activity  of  the  silica  gel  catalyst  used  in  production  of 
guanidine  nitrate  from  urea. 


V-l 


-I"  ",  • 


Table  of  Contents 


Page 


I.  Guanidine  Nitrate  from  Urea  3 

A.  Reaction  Characteristics  3 

B.  Reaction  Mechanism  4 

II.  Reactions  of  Urea  6 

A.  Hydrolysis  6 

B.  Cyanic  Acid  and  Cyanates  6 

C.  Biuret  and  Triuret  7 

D.  Cyanuric  Acid  8 

E.  Ammelide  and  Ammeline  9 

F.  NH4N03~Urea  Systems  9 

G  Boric  Acid  Systems  10 

III.  Formation  of  Melamine  from  Urea  10 

IV.  Silica  Gel-Phosphate  Reactions  11 

V.  Summary  and  Conclusions  12 
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Guanidine  Nitrate  from  Urea 


Little  information  was  located  in  this  search  which  was  not 
already  available  to  those  working  on  the  Hercules  study  of 
preparation  of  guanidine  nitrate  from  urea.  Nevertheless  it  seems 
worthwhile  to  consider  the  available  information  to  get  an  under¬ 
standing  of  the  factors  affecting  the  reaction. 

One  of  the  best  sources  of  information  is  a  report  forwarded 
to  us  through  the  British  Embassy  and  Ficatinny  Arsenal  written 
by  F.  Armstrong  and  R.  T.  M.  Fraser1.  This  report  not  only  gives 
new  experimental  work  but  also  gives  a  list  of  40  references. 

A.  Reaction  Characteristics 


Guanidine  nitrate  is  formed  from  urea  and  ammonium  nitrate 
by  an  unusual  reaction: 

2NH2CONH2  +  NH4NO3  — »  NH2C(=NII)NH2*HN03  +  2NH3  +  C02 

The  reaction  occurs  over  a  specific  temperature  range  given  as 
175-225°C.2,  with  190~200°C.  preferred3,  and  as  160-200°C.  with 
180°C.  giving  best  yields  but  at  less  than  maximum  rates'*. 

Similar  information  is  given  by  Russian  workers5.  A  catalyst  is 
required,  with  silica  gel  being  preferred,  although  broad  classes 
of  related  silica  or  oxide  catalysts  are  also  claimed3-5.  Small 
scale  batch  reactions  indicate  an  optimum  ratio  for  urea : ammonium 
nitrate : silica  gel  of  1:1:13  or  2:2:lx. 

The  importance  of  the  catalyst  is  seen  when  it  is  realized 
that  uncatalyzed  thermal  decomposition  of  urea  gives  biuret  and 
triuret  at  120-160°C. 6-9 • 1 3 .  At  higher  temperatures,  up  to  200°, 
cyanuric  acid  is  formed  in  increasing  quantities10-1*'1  .  Heating 
biuret  and  triuret  in  the  presence  of  ammonium  nitrate  but  with 
no  catalyst  gave  cyanuric  acid15.  With  silica  gel,  ammonium  nitrate 
and  urea  at  195°C.,  the  main  product  reported  was  guanidine  nitrate 
along  with  5-12%  ammelide  and  some  melamine15.  Biuret  and  triuret 
are  also  converted  to  guanidine  nitrate  on  heating  with  silica 
gel  and  ammonium  nitrate3'15.  There  are  thus  two  types  of  urea 
decomposition  controlled  by  temperature  and  the  presence  of  catalyst 

Thermal  whicn  gives  mainly  cyanuric  acid  at  temperatures 
of  160-200° .  Biuret  is  the  main  product  at  lower  temperatures 
(120-160°) ,  but  its  formation  is  reversibl o ‘ 5 ' 1 ' .  Ammelide  and 
ammeline  are  formed  in  the  thermal  reaction  but  at  much  higher 
temperatures  (>250°C. ) 1 9 ' 2 0 . 

Catalytic ,  with  silica  gel  and  ammonium  nitrate,  at  180- 
200°C.  ,  gives  mainly  guanidine  nitrate  with  small  amounts  of  the 
triazine  by-products,  cyanuric  acid,  ammelide,  ammeline,  and  mela¬ 
mine.  Intermediate  biuret  and  triuret  are  largely  broken  down 
under  these  conditions. 
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The  action  of  the  silica  gel  catalyst  has  chus  led  to 
formation  of  guanidine  nitrate  and  small  amounts  of  triazine  by¬ 
products  at  temperatures  which  give  eyanuric  acid  as  the  main 
product  in  the  straight  thermal  reaction. 

B.  Reaction  Mechanism 

The  first  step  in  the  thermal  decomposition  of  urea  is 
generally  considered  to  be21: 

NH2CONH2  — *  HNCO  +  NH3 

This  is  more  than  a  hypothetical  picture  of  the  reaction,  as 
proved  by  isolation  of  the  HNCO  product21-24,  direct  conversion 
of  urea  to  alkali  cyanates2 5-2 ]  and  trimerl zation  of  HNCO  from 
urea  to  eyanuric  acid1 0-1 2 .  Formation  of  HNCO  allows  ready  forma¬ 
tion  of  the  products  of  the  thermal,  decomposition  of  urea,  i.e., 
formation  of  biuret  and  triuret  by  reaction  of  HNCO  with  urea 
and  with  biuret  and  trimerization  of  HNCO. 

The  products  of  the  catalytic  reaction  require  some  other 
mechanism.  One  attractive  scheme  is  dehydration  of  vtea  to  form 
cyanamides'  1 1  •  50 ,  known  to  form  guanidine  derivatives  readily: 

NH2CONH2  NH2CN  +  H2O 

Interaction  of  NH 2CN  and  HNCO  would  give  amine  lide  and  ammeline17'  18, 
and  cyanamide  is  also  known  to  give  melamine'. 

Differential  thermal  analysis  (DTA)  data  were  .interpreted 
to  show  the  presence  of  cyanamide  in  urea  pyrolysis  products28, 
but  more  recent  pyrolysis  work  has  led  to  the  conclusion  chat 
cyanamide  is  not  a  primary  product  o*  urea  pyrolysis29.  Infrared 
work  has  also  led  to  the  conclusion  that  format  ion  of  cyanamide 
is  improbable30.  Mackay3  has  stated  that  dehydration  of  urea 
does  not  occur,  on  the  basic  that  carbon  dioxide  would  have  no 
effect  if  dehydration  were  the  key  reaction  in  formation  of  guanidine 
nitrate  from  urea  and  ammonium  nitrate.  Actually,  he  found  that 
it  was  important  to  avoid  CO2  build-up,  whi-'u  Jed  him  to  postulate 
a  splitting  off  of  CO  2 •  Schmidt31,  considering  the  analogous 
formation  of  melamine  from  urea,  formulates  it  as  a  disproportion¬ 
ation  of  HNCO  into  C02  and  carbodiimide,  C  (=NH2)  2  ‘ 

NH2CONH2  ~ >  HNCO  4-  NH3 

2HNC0  (HN-C=NH)  +  C02 

This  would  fit  the  observed  effect  of  C02  and  the  unstable  inter¬ 
mediate  would  give  melamine  on  trimerization . 


U  WU'^  -w  -.r^ii 


Schmidt3'  formulates  the  reaction  in  the  fashion: 

N  v 

-Si  +  HNCO  — *  ox  +  C02 

'  *  'SNH / 

v  N  „<>N 

-Si  +  HNCO  — »  Si  C=NH 

*  SNK-  /  SNH x 

Reaction  of  the  complex  with  NH4NO3  could  then  give  guanidine 
nitrate. 

x  O  \ 

Si"  NC=NH  +  NH4NO3  — >  -Si"  +  (NH2) 2C=NHHN03 

"  '‘NH"  * 

The  formation  of  guanidine  nitrate  would  thus  depend  on  reaction 
of  ammonium  nitrate  with  a  catalyst  complex.  Molecular  size  of 
the  ammonium  salt  reactant  might  be  important  in  reaction  with 
a  complex  with  a  specific  steric  arrangement.  Kazarnovskii  and 
Spasskaya s  state  that  NH4CI  and  NH4Br  also  form  guanidine  salts 
in  this  reaction  but  that  ammonium  phosphates,  sulfate,  carbonate, 
tungstate,  vanadate,  and  salts  of  organic  acids  do  not  form 
guanidine  salts  in  the  presence  of  silica  gel  without  excess 
pressure.  The  type  of  catalyst  complex  postulated  could  allow 
rationalization  of  this  observation.  The  Boatright-Mackay  patent2 
claims  ammonium  salts  broadly,  however. 

It  was  also  reported5  that  where  best  yields  of  guanidine 
were  obtained  with  a  1:1:1  ratio  of  urea :NH4N03 : silica  gel,  decrease 
of  silica  crel  to  less  than  0.8  led  to  formation  of  cyanuric  acid 
along  with  guanidine  salt.  Thus  it  seems  necessary  to  provide 
sufficient  active  catalyst  sites  to  complex  the  HNCO  in  order  to 
avoid  the  "thermal"  tr imcrization  to  cyanuric  acid.  Blocking  of 
active  -OH  groups  by  esterification  completely  deactivated  the 
catalyst1.  Formation  of  -OR  groups  on  silica  gel  by  this  method 
has  been  reported  in  detail32.  Decreasing  the  ammonium  nitrate 
to  stoichiometric  proportions  also  decreases  yield5  as  might  be 
expected  on  f.  he  assumption  that  dissociation  of  the  catalyst-HNCO 
complex  must  be  avoided. 

Experiments1  with  1  5NH4N03  and  (NII2)  2Css  1  *0  showed  consider¬ 
able  1 SM  in  the  ammonium  carbamate  recovered  but  less  1 80  than 
would  be  expected  if  all  the  C02  were  derived  from  urea.  The 
1 5N  result  suggests  that  the  reaction:  NH3  +  1 5NH4N03— SNH3  +  NH4NO3 
occurs,  presumably  through  catalyst  interactions.  The  loss  of  1 80 
sugcrests  exchange  of  surface  oxygens  of  the-  catalyst  through 
HNC180  in  the  manner  postulated  for  the  disproportionation  to  CO2. 

Although  the  specific  mechanism  accepted  rnay  not  be 
critical,  it  is  apparent  that  production  of  guanidine  nitrate 
from  urea-ammonium  nitrate  depends  on  the  specific  function  of 
the  catalyst  to  direct  the  reaction  of  the  initial  decomposition 
products  of  urea  toward  formation  of  guanidine  nitrate  and  to 
avoid  the  thermal  conversion  of  those  intermediates  10  triazines . 

Additional  references  on  this  subject  were  noted33"3 
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IX.  Reactions  of  tJrea  | 

| 

The  reactions  of  urea  have  been  discussed  in  the  first  section  » 

as  they  pertain  directly  to  the  preparation  of  guanidine  nitrate.  j 

Specific  reactions  will  be  discussed  in  more  detail  here  in  relation  j 

to  by-product  formation.  j 

I 

A.  Hydrolysis 

Hydrolysis  of  urea  is  the  most  important  reaction  of  j 

urea  in  the  presence  of  water  at  elevated  temperatures:  j 

i 

NH2CONH2  +  H20  — fe  co2  +  2NH3 

This  reaction  will  generally  be  superimposed  on  other  urea  reactions  j 

if  water  is  present.  Thus  the  formation  of  guanidine  nitrate:  ] 

NH2CONH2  +  NH4NO3  —*  (NH2)  C=NH-HN03  +  H20  I 

i’ 

becomes : 

2NH2CONH2  +  NH4NO3  -*  (NH2)2C=NH.HN03  +  C02  +  2NH3 

j 

•  »  o  *  ! 

Hydrolysis  is  more  rapid  than  biuret  formation  at  80°C.  j 

and  this  is  also  undoubtedly  true  at  the  somewhat  higher  temper¬ 
atures8  (ca.  1]0*C.)  at.  which  the  urea -ammonium  nitrate  feed  is  \ 

stored  in  current  Hercules  work  on  production  of  guar.idii.e  nitraee  ’  j 

from  urea.  The  hydrolysis  reaction  causes  yield  loss  but  reactions 
to  form  urea  condensation  products  could  cause  product  contamination. 

General  references  to  urea  hydrolysis  are  listed39-1*4. 

B ,  Cyanic  Acid  and  Cyanates 

The  dissociation  of  urea  into  cyanic  acid  and  ammonia 
has  been  discussed  as  the  first  step  in  reactions  of  urea  at 
elevated  temperatures.  This  section  will  discuss  references  more 
specific  to  cyanic  acia  and  cyanates. 

The  structure  HN«C=0  in  straight  line  arrangement  was 
indicated  by  Raman  spectra45.  Existence  of  HOCN  has  also  been 
shown4*.  Hydrolysis  of  HNCO  and  NCO~  to  give  Nil4+  and  CO2  and 
NH3  and  HCO3",  respectively,  has  been  studied46'47 

Conversion  of  urea  to  alkal  metal  cyanates  has  been  cited 
earlier* s~ 2 7 •  4 8  as  has  isolation  of  HNCO21-2  .  Initial  formation 
of  HNCC  from  urea  and  subsequent  reaction  to  produce  biuret,  and 
triazine  products  will  be  involved  in  discussions  of  these  materials 
in  subsequent  sections. 
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Biuret  and  Triuret 


ing  was 


Formation  of  biuret  from  aqueous  urea  solutions  on  heat- 
shown50  but  this  reaction  was  accompanied  by  hydrolysis. 


The  rate  of  formation  of  biuret  from  urea  increases 
with  increasing  temperature  up  to  170°C.7'38.  A  maximum  was 
reached  initially  at  200°C.  after  which  a  decrease  in  amount  of 
biuret  occurred”  ,  At  170°C.  biuret  was  reported  to  begin  to 
decompose  to  urea  arid  cyanic  acid32.  The  decrease  in  biuret  was 
observed  at  180  and  1 9 3 ° C . 5  3  and  biuret  formation  was  reported 
to  be  reversible  above  the  melting  point,  193°C„16'17 


An  important  reference  summarizes  the  changes  which  occur 
in  the  thermal  decomposition  of  urea30.  Infrared  spectra  showed 
that  a  new  band  appeared  at  2170  cm-1  at  the  melting  point  of 
urea;  it  disappeared  at  160°  and  then  reappeared  at  1R0°C. ,  the 
temperature  at  which  biuret  begins  ho  decompose.  This  band 
disappeared  at  higher  temperatures  and  reappeared  at  the  melting 
point  of  triuret.  This  band  was  assigned  to  cyanate  ion  thus 
deduced  to  be  present  at  the  melting  points  of  urea,  biuret, 
and  triuret.  Formation  of  the  cyanatc  ion  (or  riNCO)  was  con¬ 
firmed  by  amination  of  biuret  and  triuret  in  an  autoclave  at 
19C°C.  to  give  urea  as  the  sole  product.  UNCO  was  found  la  the 
gas  phase  over  melts  of  all  three  substances.  The  authors  suggest 
the  following  course  of  the  reaction: 


NH2CONI12  +  NCO-  NH2C-NH-C-NH 

ii  1 

0  ;  o- 

nu2conuconh2 

Triuret  is  postulated  to  form  similarly. 

Pyrolysis  of  triuret  yielded  only  15-201  of  urea.  It 
was  suggested  that  the  energetically  more  favorable  ring  closure 
to  cyanuric  acid  occurs  instead  of  complete  reversal  of  the 
condensation . 


NHCONH2 

C"-0 

s 

ni;‘.onh2 


NH-C-0 

/  v 

O-C  NH  +  NH  3 

\  t 

K  -C^O 
H 


triuret 


cyanuric  acid 


The  reaction  of  guanidine  with  biuret  to  form  amine  fide 
was  postulated,  supported  by  increased  ammelidc  yield  on  addition 
of  vguanidine. 


NHo 

/  * 

N=C 

t  \ 

HO-C  N  +  2NH? 

W  «  * 

N-C 

\ 

OH 

ammelide 

Triuret  is  formed  on  pyrolysis  of  urea  in  thin  films13'56 
but  more  readily  in  the  presence  of  acid  catalysts17'54'55. 

Thus  any  biuret  and  triuret  formed  in  the  guanidine 
nitrate  process  could  be  converted  back  to  urea  and  cyanic  acid; 
the  work  cited  suggests  the  additional  possibilities  of  conversion 
of  biuret  to  ammelide  and  of  triuret  to  cyanuric  acid.  If  apprec¬ 
iable  amounts  of  biuret  or  triuret  build  up  in  the  Hercules  urea- 
ammonium  nitrate  feed,  there  would  be  a  possibility  of  yield 
loss  by  formation  of  ammelide  or  cyanuric  acid.  However  at  the 
temperature  of  110°C.,  build-up  of  more  than  a  few  percent  of 
biuret  is  unlikely8.  Appreciable  triuret  would  not  be  expected. 

Processes  of  preparation  of  biuret  from  urea  are  described 
in  a  number  of  references* • 9 ' 5 7~6 2 .  Suppression  of  biuret  formation 
in  urea  cn  storage  by  the  use  of  NH4  molybdate  or  NH4H2PO4  as 
additives  has  been  reported63.  Biuret  has  been  eliminated  from 
urea  by  ammonolysis 6 4 '  6 5 .  Urea  increases  the  solubility  of  biuret 
in  the  system  water-urea-biuret. 6  6 .  Biuret  forms  a  borate  with 
H3BO367.  Use  of  biuret  as  a  fertilizer  for  turfgrass  is  described; 
it  causes  injury  for  a  short  time  then  is  a  useful  source  of 
nitrogen6  8 . 

D.  Cyanuric  Acid 

As  stated  earlier,  cyanuric  acid  is  formed  by  thermal 
decomposition  of  urea  at  about  200°C.  through  the  trimerization 
of  HNCO. 


NH0 

/  A 

0=C 

\ 

nh-co-nh2 


nh2 

C=MH 

nnh2 


biuret 


guanidine 


NH2CONH2  — >  HNCO  +  NH3 


3  HNCO 


cyanuric  acid 

Formation  of  cyanuric  acid  is  facilitated  by  removal  of  ammonia. 
Specific  preparations  involved:  an  ammonium  halide  with  urea69, 
H2SO4  as  a  catalyst11'70,  a  phenolic  solvent10,  a  fluidized  bed 
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reaction71,  use  of  HC1  to  lower  the  partial  pressure  of  NH372, 
and  mixtures  of  cyanuric  acid  and  urea12'14.  The  reaction  was 
carried  out  in  vacuo  at  280-300 °C . 2 6 ' 7 3  By-products,  ammelide, 
ammeline,  and  melamine  decreased  with  decreasing  pressure.  These 
by-products  were  stated  to  be  formed  by  reaction  of  cyanuric  acid 
with  NH3.  This  has  been  verified  by  reaction  of  cyanuric  acid 
with  NH3  at  270°C./8Q  atm.75 

Above  300°  cyanuric  acid  will  decompose12.  Temperatures 
in  the  270°-300°C.  range  for  urea  pyrolysis  give  ammelide  and 
ammeline  rather  than  cyanuric  acid13.  Temperatures  above  350°C. 
are  used  in  the  synthesis  of  melamine  to  avoid  cyanuric  acid 
formation71* . 

E.  Ammelide  and  Ammeline 


The  cyanuric  bases  have  frequently  been  assumed  to  be 
formed  by  amidation  of  cyanuric  acid17 . 


q  ,NHx  ,nh2 
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•  N  N 
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nh2 


cyanuric  acid  ammelide 


ammel ine 


melamine 


These  relationships  can  be  demonstrated  at  temperatures 
of  250°  and  above.  Ostrogovich  and  Baealogu17,  however,  demonstrated 
the  independent  formation  of  each  of  these  triazines  at  temperatures 
in  the  range  160-2Q0°C.  It  thus  seems  likely15  that  intermediates 
such  as  the  postulated  cyanamide,  or  preferably  a  carbodiimide  complex, 
react  to  form  the  ammelide,  ammeline,  and  melamine  at  lower  temper¬ 
atures  . 


Direct  formation  of  ammelide  and  ammeline  from  urea  at 
270“300°C.  is  reported19,,  In  pyrolysis  of  urea  at  230-320°C.  , 
yields  of  ammelide  and  ammeline  decreased  with  decreasing  pres¬ 
sure26'73.  Preparation  from  cyanuric  acid  is  described75.  Useful¬ 
ness  of  ammelide  as  a  slow-release  fertilizer  has  been  demonstrated76. 
Spectrophotometeric  methods  of  analysis  have  been  reported77'78. 

F.  Ammonium  Nitrate-Urea  Svstems 

-  -  ■  .  ,.L 


Inasmuch  as  a  urea-ammonium  nitrate  feed  is  used  for 
guanidine  nitrate  preparation,  references  were  sought  which  would 
indicate  possible  effects  of  one  component  on  the  reactivity  of 
the  other.  The  system  NH4NO3-CO (NH2) 2-H2Q  was  studied79.  Compounds 
NH4NO3 *CO (NH2) 2  and  NH4NO3 • 2CO (NH2) 2  appear  to  exist  in  solution. 
Phase  diagrams  for  NH4NO3 • CO  ^NH2 ) 2  were  reported60. 
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Addition  of  urea  decreased  the  acidity  of  ammonium 
nitrate  and  decreased  nitrogen  losses  300-500%* 1 .  Thermal 
decomposition  of  ammonium  nitrate  during  its  preparation  is 
reported  to  be  inhibited  by  urea82.  Urea  (0.1-0.31)  added 
directly  to  HNO3  in  the  preparation  of  NH4NO3  from  NH3  and  HNO3 
eliminated  the  harmful  effects  of  nitrogen  oxides  and  Cl“  ions 
and  inhibited  the  thermal  decomposition  of  NH4NO3  during  evapor¬ 
ation85.  The  presence  of  £0.7%  urea  in  NH4NO3  had  no  harmful 
effect  on  physiochemical  or  mechanical  properties.  Amounts  of 
urea  £1.5%  increased  hygoscopicity  and  decreased  particle  strength84. 

The  presence  of  NH4NO3  in  the  pyrolysis  of  urea  led  to 
an  increase  in  the  content  of  cyanuric  acid  and  a  decrease  in 
the  amounts  of  ammelide,  ammeline,  and  melamine83.  The  effect 
was  attributed  to  formation  and  pyrolysis  of  urea  nitrate. 

G.  Boric  Acid  Systems 

The  presence  of  boric  acid  in  stabilizers  for  ammonium 
nitrate  led  us  to  note  references  of  possible  interest. 

In  the  H3BO3-CO (NH2) 2  system,  a  compound  was  formed, 

H3BO3 • 2CO (NH2) 2 »  melting  point  79.1°C.86 

Heating  1  mole  of  H3BO3  and  2  moles  of  urea  at  about  60 °C. 
gave  a  glass  which  decomposed  above  165°C.  to  give  BNO ,  stable 
to  1300°C.  Passage  of  NH3  over  BNO  at  500-950°C.  gave  relatively 
pure  boron  nitride,  BN87. 

A  melamine  synthesis  catalyst,  more  or  less  equivalent 
to  silica  gel,  termed  boron  phosphate,  was  made  from  100  g.  boric 
acid  and  210  g.  phosphoric  acid98.  The  mixture  solidified  on 
standing  at  room  temperature  and  was  converted  to  catalyst  by 
heating  to  350°C. 

III.  Formation  of  Melamine  from  Urea 


In  recent  years,  undoubtedly  the  most  active  area  cf  research 
on  reactions  involving  thermal  decomposition  of  urea  has  been  on 
processes  for  melamine  from  urea  in  eventually  successful  attempts 
to  get  away  from  dependence  on  calcium  cyanamide  and  dicyanodiamide, 
"dicy".  The  first  phase  of  this  work  from  about  1950  to  1965 
involved  pressure  reactions  8 a~9 9 • 1 0 4 ' 1 0 5 .  Then  low  pressure  reactions 
were  developed,  first  in  two  steps  involving  formation  of  HNCO  and 
leading  this  over  a  catalyst 1 0 0 »* 0 1 > 1 0 3 •  1 0 6 >  1 1 0 .  Direct  utiliza¬ 
tion  of  urea  then  folrowed3 1 •  '  0 •  1 0 2 >  1 0 7 >  1  3 8 * 1 0 9 » 1 1 1 ~ 1 1 6 . 

As  mentioned  earlier,  this  reaction  is  analogous  to  guanidine 
nitrate  production  from  urea,  with  the  differences  of  higher 
temperature  and  substitution  of  NH3  for  NH4N03*1*111  .  Thus  it 
utilizes  a  catalyst  such  as  silica  gel  (also  AI2O3,  A1  silica  gel. 
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and  B,  Al ,  Fe,  and  Si  phosphates)  which  must  contain  free  hydroxyl 
groups  at  high  temperatures.  The  first  step  is  formation  of  HNCO 
which  is  complexed  with  the  catalyst.  The  HNCO  then  undergoes 
disproportionation  to  form  CO2  and  the  reactive  carbodiimide  inter¬ 
mediate  (HN=C=NH) ,  which  trimerizes  to  melamine. 

The  initial  breakdown  of  urea  and  disproportion  of  HNCO  on 
the  catalyst  are  apparently  the  same  for  the  melamine  and  guanidine 
nitrate  processes.  Then  in  the  guanidine  nitrate  process,  a  large 
excess  of  ammonium  nitrate  and  a  carefully  controlled  temperature 
direct  the  reaction  of  the  catalyst  complex  to  guanidine  nitrate. 

In  the  melamine  process f temperatures  >350°C.  are  used.  The  high 
temperature  assures  completeness  of  the  urea  breakdown  and  the 
HNCO  disproportionation  reaction,  presumably  increasing  the 
concentration  of  the  reactive  carbodiimide  intermediate.  The  high 
temperature  also  prevents  formation  of  cyanuric  acid  and  ammelide. 
The  net  result  is  trimerization  of  the  intermediate  to  melamine 
with  only  traces  of  by-products. 

IV.  Silica  Gel-Phosphate  Reactions 

It  has  been  determined  empirically  that  decreases  in  catalyst 
activity  observed  in  the  course  of  the  studies  at  Hercules  Kenvil 
Plant  can  apparently  be  attributed  to  the  presence  of  diammonium 
phosphate  in  the  stabilizer  for  the  ammonium  nitrate  used.  A 
brief  search  of  the  literature  was  therefore  made  in  an  attempt 
to  determine  whether  such  effects  are  known. 


No  specific  references  were  found  to  interactions  of  phosphates 
with  silica  gel  in  the  type  of  system  involved.  There  are,  however, 
numerous  references  to  reactions  of  phosphates  with  mineral  surfaces 
but  generally  with  aluminosilicates  rather  than  silica  gel.  Phos¬ 
phate  fixation  by  kaolinate  (an  aluminosilicate)  was  observed 
and  explained  in  terms  of  a  two-step  precipitation  of  an  aluminum 
phosphate117.  Silica-alumina  gels  absorbed  both  NH4+  and  HP04= 
from  (NH4 ) 2HPO4  solutions118.  Adsorption  of  phosphate  on  kaolinite 
was  in  other  examples  attributed  to  Al  or  Fe119**121. 

Phosphoric  acid  impregnated  silica  showed  inf  cared  spectra 
attributed  to  phosphate  interaction  with  surface  hydroxyl  groups122. 
Adsorption  of  orthophosphates  on  metal  oxides  was  demonstrated; 
it  was  concluded  that  chemical  bonds  were  formed  at  the  reactive 
metal  oxide  sites123.  A  study  of  the  nature  of  active  sites  con¬ 
cluded  that  silica  gel  acquires  ion-exchanqe  capacity  and  catalytic 
properties  exclusively  as  a  result  of  substitution  of  Al  for 
protons  in  active  -OH  groups1 2 ^  Surface  hydroxy lation  of  silica 
and  the  nature  of  the  groups  was  reported12*. 

Russia-1  workers125  studied  reaction  of  PCI3  with  -OH  groups 
on  silica  gel  at  180°C.  Each  PCI  3  reacted  with  approximately 
3  hydroxyl  groups,  with  about  90%  of  the  surface  hydroxyls  being 
susceptible  to  this  reaction.  This  reaction  is  the  closest  to 
the  type  of  reaction  we  would  postulate  to  explain  the  effect  of 
dianunonium  phosphate  on  catalytic  activity.  In  fact,  if  diammonium 
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phosphate  were  as  reactive  as  PCI3,  we  would  have  a  satisfactory 
explanation.  However,  in  the  present  status  of  our  information, 
we  can  only  conclude  that  the  literature  is  not  inconsistent  with 
surface  reaction  of  the  phosphate  with  -OH  groups  to  inactivate 
the  catalytic  sites  on  the  silica  gel. 

V.  Summary  and  Conclusions 

Little  new  information  was  found  on  the  process  for  guanidine 
nitrate  from  urea  and  ammonium  nitrate,  but  reaction  characteristics 
and  reaction  mechanisms  have  been  reviewed.  The  catalytic  reaction 
with  silica  gel  leads  to  the  formation  of  guanidine  nitrate  and 
small  amounts  of  triazine  by-products  at  temperatures  which  give 
cyanuric  acid  as  the  main  product  in  a  straight  thermal  reaction. 

The  mechanism  appears  to  involve:  (1)  formation  of  HNCO  from 
urea;  (2)  complexing  of  HNCO  with  the  catalyst,  followed  by 
disproportionation  to  CO2  and  a  reactive  carbodiimide-catalyst 
complex;  and  (3)  displacement  of  the  caibodiiiuiue  by  ammonium  nitrate 
to  give  guanidine  nitrate. 

The  current  Hercules  procedure  of  holding  the  urea-ammonium 
nitrate  feed  at  about  110°C.  for  extended  periods  can  be  expected 
to  involve  the  reactions:  (1)  hydrolysis  of  urea  to  give  yield 
losses  and  (2)  formation  of  biuret.  An  experimental .check  should 
be  made  of  the  biuret  formed,  but  amounts  in  excess  of  5%  would 
not  be  expected.  Formation  of  biuret  is  readily  reversed  at 
reaction  conditions  so  that  its  formation  in  small  amounts  would 
not  be  a  serious  problem.  Significant  amounts  of  triazine  products 
would  not  be  formed  at  the  feed  temperature. 

Cyanuric  acid,  ammelide,  ammeline,  and  melamine  can  all  form 
at  the  guanidine  nitrate  process  temperature.  Maintenance  of 
catalyst  activity,  optimum  reactant  ratios,  and  temperatures 
as  low  as  compatible  with  practical  rates  can  be  utilized  to 
minimize  these  by-products. 

Recently  developed  processes  for  production  of  melamine  from 
urea  and  ammonia  appear  to  involve  the  same  initial  steps  as 
production  of  guanidine  nitrate  from  urea  and  ammonium  nitrate, 
namely,  formation  of  HNCO  from  urea  and  disproportionation  on 
the  catalyst.  The  melamine  process  is  run  at  temperatures  >350°C. 
which  avoid  formation  of  cyanuric  acid,  ammelide,  and  ammeline 
and  give  high  concentrations  of  the  reactive  intermediate  which 
then  trimerizes  to  melamine. 

Information  on  possible  reactions  of  phosphates  with  silica 
gel  was  sought  in  view  of  the  finding  at  Hercules  Kenvil  Plant 
that  diammonium  phosphate  in  the  ammonium  nitrate  stabilizer 
decreases  the  activity  of  the  catalyst.  Adsorption  of  phosphates 
on  mineral  surfaces  has  frequently  been  reported  but  generally 
appears  to  involve  Al  or  Fe  in  the  mineral  clays.  Phosphoric  acid- 
impregnated  silica  showed  evidence  of  chemical  reaction  of  phos¬ 
phate  groups  with  surface  hydroxyls.  Chemical  reaction  between 
PCI3  and  hydroxyl  groups  of  silica  gel  has  been  demonstrated  and 
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offers  an  analogy  to  what  appears  to  happen  with  diammonium 
phosphate.  Specific  references  have  not  been  located  for 
reaction  of  phosphates  with  silica  gel  under  conditions  of  the 
guanidine  nitrate  reactions.  However,  the  information  in  the 
literature  is  not  inconsistent  with  surface  reaction  of  phos¬ 
phate  to  inactivate  the  catalytic  sites  on  silica  gel. 
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